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Abstract 
Landfill leachate has long been recognized as a potential source of water 
pollutants and must therefore be treated before disposal. It is characterized by high 
level of salts and ammoniacal-nitrogen (NHx-N) and high organic loading. Irrigation 
with landfill leachate provides a means of wastewater recycling as well as nutrient 
reuse. However, experimental studies have come up with both positive and detrimental 
effects of landfill leachate. Research on leachate irrigation mainly focused on 
maximizing treatment efficiency. Important parameters of leachate application, such as 
dilution level, were seldom considered in terms of phytotoxicity, and this resulted in 
contradictory outcomes. 
Landfill leachate contains considerable amount of N H x and other nutrients 
which can be assimilated for plant growth. The value of leachate on plants applied 
through irrigation was examined. An attempt was made to use phytotoxicity data for 
the design of a leachate irrigation plan to safeguard the recipient plants from growth 
inhibition or death. 
Leachates from landfills of different ages were examined for their phytotoxicity 
by seed germination/root elongation tests using seeds of Brassica chinensis (Chinese 
white cabbage) and Lolium perenne (perennial ryegrass). Their EC50s ranged from 4 % 
to 30% v/v, which varied remarkably with the age of landfill. Seedlings of 12 tree 
species were grown in pots, which were irrigated with landfill leachate at the EC50 
levels (with tap water as control). No tree mortality or growth inhibition was observed 
in 90 days of leachate application. Chlorophyll fluorescence measurement also showed 
i 
that plants receiving leachate did not suffer from reduction in photo synthetic efficiency. 
Lit sea glutinosa (pond spice) and Hibiscus tiliaceus (sea hibiscus) had remarkable 
growth, and other non N-fixers were not inferior to the N-fixing Acacia auriculiformis 
(earleaf acacia). Moreover, leachate irrigation improved soil N content, though P 
deficiency is a problem. The seed germination test provided a conservative estimate of 
the phytotoxicity of landfill leachate. Plants irrigated can be protected from growth 
inhibition when the leachate irrigation plan is designed in light of phytotoxicity data. 
An N balance study was conducted with a soil column design to investigate the 
fate and behavior of leachate N in soil, plants and soil percolate. Soil-plant systems 
with leachate irrigation were compared with those receiving application of mineral 
fertilizer (Nitrophoska 15:15:15). The plant growth in the leachate and fertilizer 
treatments did not differ significantly in most species tested. Their growth 
performances again showed that phytotoxicity tests using germinating seeds could 
suggest a safe upper limit of the application rate. 
The results also suggest the importance of plants in retaining nutrients. Gain in 
the N capital was only observed in the treatment groups with vegetative cover. 
Leachate irrigation for 12 weeks brought about 250 - 1050 kg N ha"' stored in the 
biomass and soil, depending on the type of vegetation. Without vegetative cover, a 
substantial amount of N was lost in the soil percolate. The N added with leachate was 
insufficient to compensate for the leaching loss. The large leaching loss suggested that 
the application rates being tested were excessive compared with plant requirement. If 
ii 
the aim of leachate irrigation is solely for nutrient supplement, there is still room for 
reducing the application rate of leachate without compromising the nutrient needs. 
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Chapter 1 Introduction 
1.1 Soil wastes as an environmental challenge 
Wastes are a common problem of affluent societies. People who can afford 
greater convenience and more purchases tend to throw away more wastes. In the 
United States, the per-capita waste generation rate increased 68% in the past 20 years 
(Figure 1.1); about 160 million tonnes of wastes were disposed of in 2000 (USEPA 
2002, 2003). Moreover, each year every person in European countries on average 
throws away 3.5 tonnes of solid wastes (European Communities, 2002). The amount 
of wastes generated in Europe increased by 10% between 1990 and 1995. 
Hong Kong, a city with a service-based economy, generates less wastes than other 
countries with high industrial activities. However, the municipal wasteloads have 
increased in the past decades, mirroring the rapid expansion in the local economy and 
population over the same period (Figure 1.2). Dealing with the growing amount of 
wastes without damaging the environment has become a global issue in the new 
century. 
1.2 Landfilling 
Historically, health and safety have been the major concerns of waste 
management. Wastes are managed in a way that minimizes the risk to human health. 
Sanitary landfilling is probably the most common method of waste disposal. As early as 
the 1970s, nearly 80% of the solid wastes generated in U S cities were buried (Baum 
and Parker, 1974). 
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Figure 1.1 Per-capita waste generation in United States and Hong Kong (EPD, 2001; 
USEPA2002, 2003). 
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Figure 12 The gross domestic product (GDP), population and municipal solid wastes 
arising in Hong Kong (EPD, 2001; CSD, 2003). 
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Solid waste disposal in landfills remains the most economic form of disposal in the 
vast majority of cases (Carra and Cossu, 1990). In the late 1990s, depending on the 
location, up to 95% of solid wastes generated worldwide were disposed of in landfills 
(Cossu, 1989). It is anticipated in the future, that landfills will continue to be the most 
attractive disposal method for solid wastes, despite greater emphasis in waste reduction, 
reuse and recycling. 
Effective waste management needs to look at its effect on the environment. 
Landfilling has been defined as “the engineered deposit of wastes onto and into land in 
such a way that pollution or harm to the environment is prevented and，through 
restoration, land provided may be used for another purpose,, (Westlake, 1995). An 
effective landfill design, control of waste degradation by-products and post-closure 
management are essential for minimizing the environmental nuisances. 
1.2.1 Waste degradation 
It is well known that a landfill could be viewed as a large-scale bioreactor as 
wastes can be broken down into simpler compounds by aerobic and anaerobic 
microorganisms, leading to the formation of gas and leachate. The degradation 
process consists of several interdependent stages: aerobic phase, anaerobic acetogenic 
phase and anaerobic methanogenic phase (Figure 1.3) (Pfeffer, 1992; Tchobanoglous et 
al, 1993). 
When municipal solid wastes ( M S W ) is deposited within the landfill, oxygen 







































































































































































































































































































The aerobic phase is very short because of the limited amount of oxygen in landfills 
and the relatively high oxygen demand of wastes. The local environment becomes 
anaerobic, encouraging the growth of facultative anaerobic microorganisms. Volatile 
organic acids and carbon dioxide are produced in the anaerobic acetogenic phase. 
When the population of methanogenic bacteria build up, volatile acids produced in the 
acetogenic phase, and other organic compounds, are converted to methane and carbon 
dioxide. Air (mainly N2) is displaced from the void space. Eventually a dynamic 
equilibrium is reached with a gas ratio of approximately 60% methane to 40% carbon 
dioxide. The methanogenic phase can last for tens of years. The rate of degradation 
slows down as the substrates are depleted. 
1.2.2 Control of degradation by-products 
A sanitary landfill requires careful design and operation plus good aftercare to 
ensure the sanitary and economical disposal of solid wastes. The earlier natural 
attenuation landfills were designed on the concept that the leachate would be 
attenuated by the soil beneath the landfill and diluted by underground aquifers (Figure 
1.4a). This type of landfill usually caused serious groundwater contamination even 
after many years since the closure of the landfill. 
M o d e m landfills are based on the concept of containment. Landfills of this type 
may be single- or double-lined depending upon the site specific requirement so that 
leachate does not seep into the groundwater (Figure 1.4b). The containment principle 
also requires a high degree of design and engineering, such as leachate and gas 
collection systems, to control over hazards associated with the degradation by-products 
6 
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Figure 1.4 Schematic diagrams illustrating the dispersion of leachate under landfills of 
(a) natural attenuation and (b) containment design. The relative concentration of 
leachate is shown by the darkness of shaded areas (redrawn from Qasim and Chiang, 
1994). 
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(Figure 1.5). A drainage system is installed to prevent rainfall and groundwater from 
entering the wastes. The generation and release of pollutants are kept to a minimum. 
The entombment landfill is based upon the principle of a containment landfill, but with 
attempts to further prevent the infiltration of liquids (rainfall and groundwater) 
(Westlake, 1995); wastes inside are stored in a relatively dry form. 
Increased awareness of the long-term liabilities associated with landfills was led 
to a greater need for control of the landfill after completion of the operation phase. 
Landfills after closure must be maintained over many decades. Post-closure care 
involves maintaining the integrity and effectiveness of the final cover, operating the 
leachate collection and treatment system, the gas collection system and environmental 
monitoring. The final end use of the site varies according to the local environment 
conditions and community needs. 
1.3 Landfill leachate 
Prior to the 1960s, few people were aware of the fact that water passing through 
solid wastes in a sanitary landfill would become highly contaminated. This 
wastewater, termed leachate, was generally not a matter of concern because few cases 
of water pollution were reported where leachate had caused harm. It is now known 
that leachate from sanitary landfills may be an important source of water pollution 
(Boyle and Ham, 1974). 
1.3.1 Generation and control of landfill leachate 















































































































































































































































































































































































































mass. It may contain soluble or suspended materials in wastes, as well as byproducts 
of waste degradation. The sources of water are primarily precipitation, irrigation, and 
runoff which infiltrate through the landfill cover; groundwater intrusion and the initial 
moisture present in refuse. A landfill water budget analysis can be used to predict the 
amount of leachate produced. A simplified water budget for a landfill is presented in 
Figure 1.6. 
The control of landfill leachate can be accomplished by either source control or 
end-of-pipe control. Generally as more water flows through the solid wastes, more 
pollutants are leached. The volume of leachate is minimized by limiting water 
infiltration through careful contouring and drainage design on the final cover, an 
impermeable liner beneath the landfill cap, and in some cases the proper selection and 
maintenance of a vegetative cover. 
Leachate is confined within the landfill by a bottom liner system. It must be 
transported from the liner by a leachate collection system to minimize the pressure 
head on the liner. It is then pumped to an aboveground storage tank or buffer lagoon 
before treatment. 
1.3.2 Leachate characterization 
The composition of leachate among landfills is highly variable. Leachate 
contains higher pollutant loads than many raw industrial wastewaters. The variation 
in leachate quality can be attributed to differences in waste composition, landfill design 
and operation, and precipitation. 
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Figure 1.6 Moisture components at a sanitary landfill and the major processes involved 
in the formation of landfill leachate (redrawn from Qasim and Chiang, 1994). 
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Landfill leachate in general contains high concentrations of organic and inorganic 
contaminates (Table 1.1) (Pohland and Harper, 1986). Peak concentrations of C O D 
and total solids exceeding 40000 m g L'^  are common. High concentration of 
contaminants is observed near the onset of leaching from young landfills, while 
dilution and microbial utilization of organics reduce leachate strength in older landfills. 
The change in leachate composition with the various stages of fermentation 
follows a similar pattern (Table 1.1 and Figure 1.7) (Robinson, 1991; Andreottola and 
Carinas, 1992). Leachate produced in the aerobic phase dissolves highly soluble salts, 
such as Cr and others. As oxygen is depleted, organic acids produced in the 
acetogenic phase reduce the pH of leachate to 4-5. Metals become more soluble, 
along with elevated concentration of dissolved organic acids, and the ionic strength of 
leachate increases. The presence of organic acids also contributes to a high C O D . 
The redox potential falls, reflecting an anaerobic condition. The redox potential 
continues to decrease in the methanogenic phase. The pH of leachate starts to rise 
when organic acids are assimilated by methanogenic bacteria. At the early stage of 
the methanogenic phase, the ionic strength is still high as materials are solubilized in 
decomposition. The strength of leachate gradually decreases with the age of landfill. 
Lu et al. (1984) developed a set of rate equations to describe the relationship between 
landfill age and some constituents in leachate within a limited time range. This 
information helps landfill practitioners design leachate treatment facilities for the 
changing volume and strength of leachate. 
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Table 1.1 Landfill leachate composition ranges as a function of the degree of landfill 
stabilization (Pohland and Harper, 1986). 
Parameter Stage of degradation 
Acetogenic Methanogenic Maturation 
pH 4.7- 7.7 6.3 - 8.8 7.1 - 8.8 
Electrical conductivity 1600 - 17100 2900 - 7700 1400 - 4500 
(l^ S cm'') 
B O D (mg O2 L'') 1000- 57000 600-3400 4- 120 
C O D (mg O2 L-') 1500 - 71000 580 - 9760 31 - 900 
Volatile acid (as acetic acid) 3000- 18800 250 - 4000 0 
(mgL-i) 
NHx-N(mgL-i) 2 - 1030 6 -430 6 -430 
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Figure 1.7 Changes in the composition of landfill gas and leachate during the course of 
waste degradation (adapted from Andreottola et al., 1992; Pfeffer, 1992; 
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1.3.3 Leachate from local landfills 
Patterns of decomposition in local landfills are similar to landfills in temperate 
( 
regions (Figure 1.7), except that the methanogenic conditions are established much 
more rapidly. A high value of C O D is found in the first year of filling. The aerobic 
and acetogenic phases are not clearly defined. These phases are expected to complete 
in the first year. Chen et al (1997) reported that in the first year operation of the 
North East N e w Territories (NENT) Landfill, the C O D of raw leachate decreased from 
about 70000 to 10000 m g L"^  indicating rapid change from the acetogenic phase to the 
methanogenic phase. Such an early establishment of the methanogenic phase in local 
landfills is probably attributed to the warmer climate, more rainfall and a larger portion 
of readily-degradable organic matter in the wastes such as domestic wastes and animal 
slurry in Hong Kong, which accelerate the rate of waste decomposition (Robinson, 
1991; Lo, 1996). 
1.3.4 Leachate treatment 
Landfill leachate has long been recognized as a potential source of surface and 
ground water pollution. It is essential to collect and treat the leachate before 
discharge in order to safeguard the ecosystems. Physical, chemical and biological 
processes which are traditionally used for the treatment of municipal sewage can be 
used for leachate treatment. 
However, designing leachate treatment facilities is more challenging than those 
for the treatment of municipal sewage. It requires knowledge about landfill design, 
temporal fluctuation of leachate quality and degree of treatment needed. Leachate 
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treatment facilities are designed to provide service over the landfill life expectancy 
(over decades). Landfill leachate initially is a high-strength wastewater, characterized 
f 
by high organic loading, N H x and sometimes by the presence of toxic chemicals. 
The volume and the composition of leachate will change with landfill maturation. 
Treatment processes must be sufficiently flexible to cope with these changes. 
In Hong Kong, landfill leachate is treated with municipal sewage in municipal 
sewage treatment works. Co-treatment is a convenient method. Research suggests 
that some constituents such as NHx, C O D and metals in leachate may impair the 
treatment process of biological treatment systems, resulting in high sludge volume, 
settling problems, foaming and poor effluent quality (Qasim and Chiang, 1994; Li and 
Zhao, 1999). Leachate can be co-treated with municipal wastewater at a level of 5 % 
v/v. To prevent overloading in sewage treatment works, leachate from local landfills 
is pretreated on-site by ammonia stripping or aeration, or both, before co-treatment 
with municipal sewage. 
1.4 Leachate irrigation 
Although advanced treatment technologies are available, landfill operators seek 
alternatives because of their high capital cost and special management requirements. 
Land treatment of municipal wastewater is a proven technology which can be 
applicable to landfill leachate. It provides the possibility of nutrient reuse, and 
produces effluent of high quality. Land-based systems may also be used in 
conjunction with a conventional system in polishing final effluents. 
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1.4.1 Common practices of wastewater irrigation 
A great variety of application methods are available. Irrigation may be by 
spraying, overland flow and rapid infiltration (surface application) (Figure 1.8). 
Methods such as wetland disposal, peat filter bed, subsurface irrigation and 
groundwater recharge are being tested. This section will focus on surface application 
methods. 
1.4.1.1 Spray irrigation 
Spray irrigation means controlled spraying wastewater on land. Surface runoff 
is held to a minimum. A large portion of water is lost by evaprotranspiration. 
Pollutants are retained in the soil profile and are attenuated. Spray irrigation can be 
applied in all types of topography. Soil erosion or waterlogging can be prevented by 
adjusting the application rate carefully. 
1.4.1.2 Rapid infiltration 
Rapid infiltration has been described as infiltration-percolation or groundwater 
recharge. Water is applied by sprinkling or, more common, by flooding techniques。 
Soil cover for this method should be well drained, with a depth of a few meters. 
Wastewater flows down rapidly and soil attenuates pollutants. 
1.4.1.3 Overland flow 
Wastewater is applied over the upper reaches of a slope and allowed to flow 
overland, which is collected at the toe of the slope. Overland flow is similar to spray 
irrigation but with infiltration being kept to a minimum. Water is forced to flow 
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Figure 1.8 Wastewater application to the land for treatment purposes. 
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along the vegetated soil surface for pollutant remediation. Overland flow is the least 
effective among the three methods described. It requires sufficient retention time to 
accomplish attenuation. Slopes may be susceptible to soil erosion. 
1.4.2 Effects of leachate irrigation 
1.4.2.1 Effect of leachate irrigation on soil percolate 
Soil is found to be effective in reducing metals, N and P in the leachate applied. 
The level of N decreased after passing through a soil-plant system (Xia et al., 1999; 
Tyrrel, 2002). For metals, Fuller and Warrick (1986) demonstrated that the levels of 
heavy metals in leachate after passing through a soil column were lower than those in 
the raw leachate, indicating that attenuation by soil was taking place. The treatment 
efficiency may vary with soil properties and the depth of solute transport. Clay and 
loamy soils retained metals better than sandy soils due to higher ion exchange capacity 
and better retention of suspended solids (Fuller and Warrick, 1986; Wong et al 1990; 
Jiang et al, 2000). On the other hand, loamy soil with better aeration had high 
removal capacity of C O D and N (Jiang et al., 2000). 
The mechanisms and factors affecting leachate decontamination are discussed by 
Bagchi (1987) and Qasim (1994). The attenuation of leachate by the soil-plant 
system is accomplished by three key components and processes (Hasselgren, 1992). 
• Soil'. Suspended solids are filtered and dissolved salts are retained by ion 
exchange, adsorption or precipitation. 
• Soil organisms'. Soil microbes stabilize organic substances and transform N in 
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leachate. 
• Plants: Nutrients are taken up and incorporated into the biomass. Vegetative 
r 
cover also helps reduce soil erosion and maintain soil structure which is 
favorable to the infiltration of wastewater. 
Besides decontamination, land disposal, followed by evapotranspiration, can 
greatly reduce the amount of landfill leachate to be sent to treatment facilities. 
However, land treatment of landfill leachate is still limited to evaluation on an 
experimental basis. Soil salination, the tolerance of plants, sustainability of treatment 
efficiency and the risk of pollution through runoff and leaching become the major 
constraints of the extensive use of soil-plant systems for the treatment and disposal of 
landfill leachate. 
1.4.2.2 Effect of leachate irrigation on soil 
Landfill leachate contains considerable amounts of dissolved salts. Land 
application gradually increased the soil electrical conductivity significantly (Wong and 
Leung, 1989; Hernandez et al 1999). 
Leachate irrigation in general increases the content of major cations such as Na 
and K (Winant et al, 1981; Wong and Leung, 1989; Hernandez et al. 1998). Fe and 
M n , which are sometimes present at high levels in leachate, may be retained in the soil 
(Wong and Leung, 1989). Accumulation of metals may depend on the soil type, 
texture class, and organic matter content as well as the abundance of metal in leachate 
and the application method. Clay and loamy soils retain metals better. The affinity 
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of cations to soil is: Na+ < NH4+ < K+ < Ca〗.< Mg2+ (Chan et al., 1978; Chan, 1982) 
and Ni2+ < Cd^^ < Zn^^ < Pb^^ (LaBauve et al., 1988). However, the accumulation of 
toxic heavy metals like Cd and Pb may not be observed, especially when they are 
present in trace concentration in leachate or the leachate is diluted prior to irrigation. 
Nitrogen (N) is an essential nutrient for plants, and is usually added in large 
quantity to agricultural lands to obtain high crop yield. Application of municipal 
wastewater and landfill leachate resulted in the addition of considerable amounts of N 
to the soil (Winant et al., 1981; Wong and Leung, 1989). Effluent N will eventually 
enter the N cycle. It is taken up by plants, transformed in soil and lost in gaseous 
form or via leaching. The details of these processes are discussed in Chapter 4. 
Contrast to municipal sewage, the amount of P is low or even below the detection 
limits in some landfill leachate. Application of leachate may lead to a slight increase 
in soluble P in soil. However, it declines rapidly, due to adsorption and precipitation 
reactions. P is relatively immobile in soil; leaching and runoff loss is negligible. 
There is extensive research on the toxicity of leachate to aquatic organisms. 
However, there is little information on the response of soil fauna and microbes to 
landfill leachate. Chan et al. (1999) reported that leachate application would inhibit 
the formation of root nodules and symbiotic N fixation in the roots of Acacia confusa 
and Leucaena leucocephala. On the other hand, a field study demonstrated that 
leachate irrigation increased the landfill gas emission and the methane oxidation 
activity in landfill cover soil (Murice et al, 1998). However, the direct effect of 
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leachate on soil microbial activity and the nutrient mineralization is still unclear. 
Wastewater provides a carbon source for soil microbes, enhancing the enzyme activity 
f 
in soil (Madejon et al, 2001). 
1.4.2.3 Effect of leachate irrigation on plants 
Leachate carries many intermediates and products of waste degradation. There 
is a concern, however, that the benefits of leachate irrigation may be offset by the 
presence of inhibitory chemicals. A number of research have identified some impacts 
such as leaf injury, yield reduction and poor survival rate. 
Sub-irrigation (flooding) of saline M S W landfill leachate to 1 -year old red maple 
saplings {Acer rubrum) resulted in turgor loss in the upper nodal leaves and reduction 
in the transpiration rate immediately after the first application. Over a 25-day 
treatment period, the photo synthetic rate decreased to about 50% of the control 
(deionized water treatment) (Shrive and McBride, 1995). 
High salt concentration suppresses growth rate, resulting in stunted plants. 
Plants growing in saline soil developed a "waxy", dark blue-green appearance and 
thickening of the leaves (Leung, 1985). In more severe cases, symptoms like 
chlorosis and necrotic lesions or tip bum may be observed. In extreme conditions or 
when plants are sensitive to specific ions (e.g. CI"), leaf bum or even complete crop 
loss would occur. The mechanism for the yield reduction due to high salinity is still 
unclear. It may be the result of a general disturbance in metabolic processes, or a 
damaging effect on plant membranes which are responsible for cellular osmotic 
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adjustment. 
Plants may be variably sensitive to salts at different growth stages. In the past, 
because of the failure in seedling emergence in saline conditions, germination stage 
was thought to be sensitive. It has been shown that plants may not be more sensitive 
to salinity or phytotoxicity during germination. Many plants are tolerant during 
germination but are sensitive immediately after germination or emergence. Damage 
from salinity during early seedling development could be irreversible or fatal (Mass, 
1993). 
Short-term variation in leachate composition may severely affect the health of the 
vegetative cover and may add uncertainty to the leachate irrigation plan. The effect 
of salinity will also be more pronounced when evaporative demand exceeds the 
precipitation. The osmotic stress experienced by plants is greater as salts built up in 
the root zone. Moreover, saline wastewater may cause direct injury to plants. When 
water is applied by sprinkling, especially under dry weather condition, direct contact of 
the water drops with the canopy and the subsequent evaporation cause salt deposition 
on leaves and direct injury to tissues. 
The most prevalent ion in leachate is CI". It causes specific damage in some 
plants. Cr had a rapid effect on the growth and evapotranspiration of Salix viminalis 
(Stephens et al., 2000). Plants irrigated with > 200 m M (7.1 mg L"') CI" showed 
turgor loss and bronzing of foliage after 1 day. The trees progressively lost their 
leaves during the experiment. The reduction in yield was significantly correlated 
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with the tissue content of CI". Usually leaf injury was caused by the direct wetting of 
the leaf by wastewater. Another cause of CI" toxicity is thought to be reduction in 
N O x uptake, resulting in nutritional imbalances (Feigin et al., 1991). 
In contrast, there was research which demonstrated the beneficial effects of 
leachate irrigation on plants. Application with diluted or low strength leachate may 
stimulate plant growth. The yield of Brassica chinensis and Brassica parachinensis 
was stimulated when being irrigated with diluted leachate (5 - 20% v/v) (Wong and 
Leung, 1989). There was a significant correlation between the foliar N content and 
leachate concentration. Moreover, irrigation with diluted, low strength leachate 
enhanced the growth, survival and stomatal conductance of Acacia confusa, Leucaena 
leuocephala and Eucalyptus torelliana (Liang et al., 1999). 
1.5 Landfilling in Hong Kong 
1.5.1 Climate 
Hong Kong has a sub-tropical climate. Under the influence of a monsoon 
climate, Hong Kong has a distinct hot humid summer and a cool dry winter. January 
and February are cloudy, with occasional cold fronts followed by dry northerly winds. 
It is not uncommon for the air temperature to drop below 10°C in urban areas. May 
to August is hot and humid; afternoon temperatures often exceed 31 whereas at night, 
temperatures generally remain around 26°C with high humidity. The mean annual 
precipitation is about 2200 m m . About 80% of the rain falls between May and 
September (HKO, 2003a). 
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1.5.2 Geography and economy 
Hong Kong is situated at the southeastern tip of China. With a terrestrial area of 
1100 km^ and a population of 6.8 million in 2003 (CSD, 2003), the average population 
density of Hong Kong is one of the highest in the world. Land is at a premium in 
Hong Kong. Owing to the rapid increase in population and development needs, the 
civil and construction industry has also been growing with the land and property price. 
As a result, a large quantity of construction wastes has been generated and has become 
a major waste management problem. 
1.5.3 Waste composition 
Figure 1.9 shows the composition of solid wastes in Hong Kong. Municipal solid 
wastes ( M S W ) include solid wastes from households, industrial and commercial 
sources. They comprised to about 45% of the wastes dumped in landfills. However, 
industrial wastes comprise only 1% of the total solid wastes (EPD, 2003a). 
The growth in municipal wastes has been compounded many times by the huge 
amounts of construction wastes going to landfills. They include the wastes arising 
from such activities as construction, renovation, demolition, land excavation and road 
works. Although 76% of these wastes are recovered, mainly for use in reclamation, a 
significant portion of the wastes still goes to landfills. In 2002, construction wastes 
made up nearly 50% of all wastes going to landfills, pushing up the total wasteload 
(EPD, 2003a). 
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Figure 1.9 Composition of solid wastes in Hong Kong in 1991 - 2002 (EPD, 2003a). 
Notes: Municipal solid wastes (MSW) comprise solid wastes from household, 
commercial and industrial sources, but exclude construction and demolition wastes, 
chemical wastes and other special wastes. 
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1.5.4 Leachate sampling sites 
Since the 1950s, the Hong Kong Government has been providing landfills for 
the disposal of solid wastes. In the past, landfill sites were built simply to bury 
wastes. The closed landfills were built based on the dilution and attenuation design, 
with little control over landfill gas and leachate. 
In the 1980s, the Government started planning large and modem landfills with 
high environmental standards to meet the growing waste disposal demand and to 
safeguard the health and the welfare of the community (EPD, 2002). Three strategic 
landfills with a total capacity of 135 million tonnes have been built and have become 
the sole means of waste disposal. They are of containment design equipped with a 
double lining system, as well as landfill gas and leachate collection systems (EPD, 
2003b). Leachate is also pretreated on the site prior to co-treatment with municipal 
sewage. 
After the commission of the three modem landfills, the 13 closed landfills, 
occupying a total land area of 300 ha or 1.6% of the urban area, were progressively 
restored to minimize potential safety and health risks. Final capping, landfill gas 
management systems and leachate treatment works have been installed (Figure 1.10). 
To recover the valuable land space, some restored landfills are landscaped to provide 
green zones and are developed into public recreational uses (Table 1.2) such as golf 
driving ranges (Plate 1.1). 
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Plate 1.1 (Left) The aerial photo of Shuen Wan Landfill. Closed in 1995 and restored 
in 1997, Shuen Wan Landfill has been landscaped to form a golf driving range (right) 
for use by the general public since 1999 (EPD, 2003a). 
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Table 1.2 Afteruse of some local landfills (EPD, 2003a). 
Landfill site Proposed/ tentative afteruse 
Gin Drinkers Bay Green zone 
Jordan Valley Ecological park, model car circuit, education centre 
and natural turf pitch for gateball 
M a Tso Lung Youth camp site 
M a Yau Tong Central Green zone 
M a Yau Tong West Green zone 
Ngau Chi Wan Rest garden 
Ngau Tarn Mei Green zone 
Pillar Point Valley Currently under construction work 
Siu Lang Shui Green zone 
Sai Tso Wan Recreation ground for soccer and baseball 
Shuen Wan A 145-bay golf driving range has been open for use by 
the public since April 1999. Upgrading of the existing 
driving range to a 9-hole golf course being planned. 
Tseung Kwan O Stage I Multi-purpose grass pitches, model car racing tracks 
Tseung Kwan O Stage II/III Green zone 
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Leachates from five landfills of different ages were selected for the studies. 
The location and information of the landfills are shown in Figure 1.11 and Table 1.3. 
t 
They can be classified by differences in age, waste composition and management 
- practices. Raw leachate samples were collected from an unrestored landfill (Pillar 
Point Valley Landfill), two restored landfills (Ma Yau Tong Central and Tseung Kwan 
O Landfill) of different ages, and two operating landfills (West N e w Territories 
( W E N T ) Landfill and South East N e w Territories (SENT) Landfill). Although not 
well documented, the W E N T Landfill receives mainly municipal solid wastes while a 
larger portion of construction wastes was dumped into the SENT Landfill. All 
leachate samples were taken at pipe outlets or sampling wells of leachate collection 
system, before entering the leachate treatment facilities. 
1.6 Objectives of this study 
1.6.1 Knowledge gaps 
Landfill leachate has long been recognized as a source of water pollution. The 
environmental risk associated with landfill leachate is largely attributed to the high 
levels of N H x which threatens surrounding waters. Removal of N H x is an essential 
prcocess of leachate treatment. Research on leachate irrigation mainly focuses on the 
use of the soil-plant system for leachate treatment, by investigating and maximizing 
the treatment efficiency. The methods of leachate application, for example, the 
dilution level, were seldom determined in the light of the phytotoxicity data of 
individual leachate samples and this may lead to different responses. Moreover, there 























































































































































































































































































































































































































































































































































































































































Table 1.3 Site information of the landfills in Hong Kong (EPD, 2003b). 
Landfill site “ Area Capacity' Year of Age^ 
(ha) (X 1tonnes) closure (year) 
Operating landfills 
West N e w Territories (WENT)* 110 61 
South East N e w Territories (SENT)* 100 43 
North East N e w Territories (NENT) 67 35 
Unrestored landfill 
Pillar Point Valley (PPV)* 38 13 1996 6 
Restored landfills 
Tseung Kwan O Stage I (TKO I) 68 15.2 1995 7 
Shuen W a n (SW) 50 15 1995 7 
Tseung Kwan O Stage II/III (TKO II/III) * 42 12.6 1994 8 
Jordan Valley (JV) 11 1.5 1990 12 
M a Yau Tong Central (MYTC) * 11 1 1986 16 
Siu Lang Shui (SLS) 8.3 2.1 1983 19 
M a Yau Tong West ( M Y T W ) 6 0.6 1981 21 
Sai Tso Wan (STW) 9 1.6 1981 21 
M a Tso Lung (MTL) 2.2 0.4 1979 23 
Gin Drinkers Bay (GDB) 28 11.4 1979 23 
Ngau Chi Wan (NCW) 8 0.7 1977 25 
Ngau Tarn Mei (NTM) 1.7 0.13 1975 27 
1 The capacity of the operating landfills is based on their latest landform design. The 
actual amount of wastes to be dumped may depend on the settling capacity of wastes. 
2 Landfill age at the time of study (2002). 
* Leachates from these landfills were selected for the study. 
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Landfill leachate does have problems, yet it represents a unique opportunity in 
wastewater utilization. Leachate contains considerable amounts of N H x and other 
f 
nutrients and can serve as an alternative source of plant nutrients. Depending on the 
case, the cost of fertilizer and irrigation comprise of about 20 - 30% of wood 
production on landfills (Hasselgren, 1998). Utilizing landfill leachate in this way 
would provide a remarkable economical benefit in urban forestry programmes and the 
production of ornamental plants. 
This study aimed at evaluating the feasibility of using landfill leachate as an 
alternative N source to fertilizer and employing phytotoxicology information to 
safeguard the plants in landfill leachate irrigation. 
1.6.2 Project outline 
In accomplishing the proposed objectives mentioned above, the study consisted of 
3 experiments. Seed germination/root elongation tests were conducted to evaluate the 
phytotoxicity of leachate. This provided a general picture on the toxicity level of 
leachate samples (Chapter 2). A dilution factor, which is tolerable by plants, would be 
determined from the dose-response relationship. Twelve tree species were screened 
against leachate application at the EC50 level (Chapter 3). Species which showed 
good growth response with leachate irrigation would be selected for a subsequent 
experiment. Finally, a soil column experiment was carried out to compare the effect 
of leachate and artificial fertilizer on the plants as well as the distribution of nutrients in 
the soil-plant system (Chapter 4). 
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Chapter 2 Phytotoxicity evaluation of landfill leachate using seed 
germination tests 
2.1 Introduction 
Plants are primary producers, supporting almost all other living things on the earth. 
They play an active role in transferring contaminants to higher trophic levels. Because 
of their ecological importance, the potential of a chemical, or mixture of chemicals, to 
inhibit the growth of plants or to accumulate in plants should be considered when 
making environmental management decisions. 
2.1.1 Tests involving the use of germinating seeds 
The most widely used phytotoxicity test involving terrestrial plants is the seed 
germination test, which measures germination rate, root elongation, or other responses 
as endpoints. It has been used extensively for detecting the phytotoxicity of various 
samples such as sewage sludge (Pascual et al., 1997), livestock waste compost (Tarn 
and Tiquia, 1994), industrial effluents (Wang and Keturi, 1990), and landfill leachate 
(Devare and Bahadir, 1994). It is much simpler but more sensitive and efficient than 
using mature plants for phytotoxicity evaluation. 
2.1.2 Importance of germination to plants 
Germination is defined as the events associated with the initiation of embryo 
growth in a seed of higher plants. It includes many physiological processes such as 
activation of protein, translation of preformed R N A and cell expansion and division. 
Germination is the first step in plant development. Compared with older plants, 
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development of young seedlings right after the germination is more susceptible to 
environmental stressors such as high salinity (Mass, 1993; Khan and Gulzar, 2003). 
f 
Injury may be irreversible and may have impact on the survival of plants. 
2.1.3 Advantages of germination tests 
Phytotoxicity tests using germinating seeds have several advantages. Many dry 
plant seeds have a long shelf life. The cost of storage is negligible. It is an advantage 
over some tests in which the stock culture of test organisms is costly to maintain. 
Moreover, seeds can be activated at any moment, after adding water or after simple 
pretreatments, giving the test a permanent standby status. Some tests using plant 
seedlings can only be conducted in growing seasons when the seedlings are available 
seasonally. 
The germination test is simple. It does not require sophisticated techniques and 
equipment. Results of germination tests can be obtained in a few days. They are very 
efficient compared with other growth studies using mature plants, which usually require 
weeks to complete. In addition, it requires only a small quantity of test sample; for 
example, a Petri dish design with 6 doses and 4 replicates requires less than 100 m L of 
sample. The amount of hazardous chemicals to be disposed of (or exposed to during 
handling) can be minimized. All these greatly reduce the cost of the phytotoxicity assay. 
2.1.4 Limitations of using germination as an endpoint 
The seed germination assay, often claimed as testing a sensitive and critical stage 
in the plant life cycle, may be insensitive in some circumstances. For example, the 
3 5 
embryonic plant can derive its own nutrient requirement from internal reserve. 
Toxicants may not be taken into the seeds during germination. Moreover, the exposure 
f 
time of germination test is short compared with many physiological and ecological 
processes (Table 2.1). It may be unable to detect the chronic effects on plants and 
ecosystems. Furthermore, from an ecological perspective, seed germination is 
relatively unimportant for perennial plants and species that do not require seeds to 
propagate. Conditions that can inhibit germination may not affect the survival of 
established plants. 
2.1.5 Methods of germination tests 
2.1.5.1 Test design 
The term 'germination tests' generally describes bioassays that involve the use of 
germinating seeds. Germination test methods can be classified into two categories, root 
elongation tests and emergence tests. Root elongation tests are indirect tests; plant 
seeds are exposed to test substance hydroponically or on solution imbibed supports 
such as quartz sand and filter paper. In contrast, emergence tests measure toxicity 
associated with soil directly. The chemical is mixed with the reference soil or artificial 
support media to give a series of concentrations. Both types of test methods can be 
conducted at a single concentration to determine the intensity of effect or at multiple 
concentrations to develop a dose-response relationship. Of the various test types and 
designs to address germination, seed emergence tests using soil provide a more realistic 
type of exposure that can occur to seeds in the environment. Seed emergence tests can 
be conducted in situ to evaluate plant response in the field. 
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Table 2.1 Simplified conceptual model of the apparent timescales of physiological and 
ecological responses to chronic exposure to pollutants (adapted from Armentano and 
Bennett, 1992). 
Response variable Timescale interval 
Pollutant uptake 10"' -10^ min 
Reduced photosynthesis; altered membrane permeability 10^  -10^ min 
Germination, root growth and emergence 10^ - d 
Reduced carbohydrate pool 10^ -10' d 
Reduced growth of root tips and new leaves 10' -10^ d 
Decreased leaf area 10^ - d 
Differences in species growth performance 10^ - d 
Reduced community canopy cover 10^ -10^ d 
Reduced reproductive capacity 10^ -10^ d 
Shifts in interspecific competitive advantage 10^ - d 
Alteration of community composition 1 - lO"^  d 
Change in species diversity 10^ - lO"^  d 
Change in community structure - 104 5 d 
Functional ecosystem changes - d 
(e.g. decline in nutrient cycling efficiency, net productivity) 
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2.1.5.2 Plant species 
There were 1569 plant species recorded in an early version of the P H Y T O X 
database (Fletcher et al., 1988), of which only less than 30 species are recommended by 
the U.S. Environmental Protection Agency and the Organisation for Economic Co-
operation and Development to be used routinely in seed germination tests (Table 2.2). 
Selection of these species can generally be attributed to several criteria (OECD, 2000): 
• accessibility to characterized test species; 
參 ease of rearing in a testing laboratory; 
• reproducibility of results within and across testing facility; 
• economic and ecological importance (food, ornamental or major cash crops); 
參 sensitivity to many toxic compounds and having been used in previous bioassays; 
• compatibility with the controlled environmental growth conditions and time 
constraints of the test method; and 
• requiring no special pretreatment such as soaking, chilling, prewashing, light cycle 
and scarification. 
2.1.5.3 Measurement endpoints 
Suggested endpoints vary from quantitative measurement such as germination 
rate, survival, shoot length, root length and biomass to qualitative visual assessment. 
Percentage germination and root length are more popular endpoints in phytotoxicity 
assays. Germination index (GI) which combines seed germination and root growth can 
detect the inhibition of root growth under lower doses as well as the higher toxicity 
which may affect germination rate (Zocconi et al., 1981). It has proved to be a very 
sensitive index in phytotoxicity determination. 
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Table 2.2 Species recommended for seed germination tests (USEPA, 1996; O E C D , 
2003). 
Species Common name O E C D U S E P A 
f 
Allium cepa Onion Z V 
Avena sativa Oats V V 
Beta vulgaris Sugar beet 
Brassica alba Mustard ^ 
Brassica campestris Chinese cabbage V 
Brassica napus Oilseed rape 
Brassica oleracea Cabbage ^ v^  
Brassica rapa Turnip v^  
Cucumis sativa Cucumber v^  Z 
Daucus carota Carrot Z V 
Glycine max Soybean ^ Z 
Hordeum vulgare Barley ^ 
Lactuca sativa Lettuce ^ v^  
Lepidium sativum Garden cress V 
Lolium perenne Perennial ryegrass Z 
Lycopersicon esculentum Tomato v^  ^ 
Oryza sativa Rice ^ 
Phaseolus aureus Mung bean ^ 
Pisum sativum Pea ^ 
Raphanus sativus Radish Y 
Secale cereale Rye ^ 
Secale viridis Rye ^ 
Sorghum bicolor Grain sorghum ^ 
Sorghum vulgare Shattercane 
Trifolium ornithopodioides Fenugreek/Birdsfoot trefoil ^ 
Trifolium pratense Red Clover Z 
Triticum aestivum Wheat " 
Vicia sativa Vetch Z 
Zea mays C o m Z Z 
3 9 
It should be noted that there are many versions of the definition of germination in 
plant growth. Seed is considered to be 'germinated' when the length of primary root is 
equal or greater than 5 m m (USEPA, 1996). Kapustka (1997) suggests that germination 
completes when the seed coat is penetrated by the elongating embryo. On the other 
hand, 3 m m radicle was used as the operational definition of germination by the 
U S F D A (1987). Results of phytotoxicity assays may not be comparable when the 
definitions of germination are different. 
Conventionally, root and shoot lengths are measured manually. Wang and 
Williams (1990) suggested the use of root dry weight instead of root length as a 
measurement endpoint which can reduce the assessment time to approximately 10% of 
that required for measurement of individual root length. Innovation in image analysis 
technology provides a more rapid and reliable means of endpoint measurement. Image 
analysis technology was formerly developed for manufacturing industry and remote 
sensing. Algorithms compatible to germination tests have been developed recently 
(McCormac et al, 1990; Kimura et al., 1999). After incubation with test chemicals, an 
image of seedlings is acquired by a flatbed scanner. Root length is measured by 
counting the number of pixels on a processed image of a seedling. Root length 
determination in an image of 100 seedlings acquired at 600 dpi can be completed in 
seconds, with precision of less than 0.1 m m . Moreover, since the images can be saved 
for later processing, seed handling and root length determination can be dealt with 
separately. More samples or dosages can be handled in each batch of analysis. 
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2.1.5.4 Statistical analysis and test endpoints 
In toxicity tests with a single dose, hypothesis testing is conducted to judge the 
f 
significance of the responses. In cases where dilution series are used, toxicology 
studies often use mathematical models to transform the biological responses into a 
function of dose. These include (but are not limited to) probit analysis, linear 
regression and curve fitting to a logistic dose response curve. The functions express the 
toxicity test results as a probability of achieving an effect level. For example, the 
function can describe a concentration (or a range of concentrations) at which there is a 
95% probability of observing a certain degree of effect such as growth retardation. 
Most of the conventional models require monotonic responses. Recently, models which 
are compatible with dichotomous results have been developed and these will be further 
discussed in later sections. 
2.2 Objectives of study 
In this study, the phytotoxicity of leachate from landfills of different ages would be 
evaluated by the seed germination and root elongation of two selected plant species. 
The use of phytotoxicity assay combined with analytical chemistry provides a complete 
assessment, not only of the amount of contaminants present, but also the influences of 
toxicants on the plant species concerned. Each method is valuable for answering 
different parts of the question regarding the leachate irrigation plan. Results of 
chemical analysis help to identify the potential cause(s), while phytotoxicity testing 
defines the magnitude of the problem. An attempt was made to suggest some potential 
constituents in leachate which may lead to growth inhibition and mortality of plants. 
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2.3 Materials and methods 
2.3.1 Sample collection 
f 
Leachate samples were collected in November 2001 from the leachate extraction 
wells in the PPV and M Y T C Landfills or the inflow pipe of leachate treatment plants at 
the SENT, T K O and W E N T Landfills. The samples were stored in air-tight 1-L 
polyethylene and glass bottles and stored at 4°C. 
2.3.2 Chemical analysis 
Leachate samples were analyzed for pH and electrical conductivity (Jenway 4330 
pH and Electrical Conductivity Meter, Essex, England). Total organic carbon was 
measured by the IR-combustion method using a T O C Analyzer (Shimadzu TOC5000A, 
Kyoto, Japan). Chemical oxygen demand (COD) was determined by close reflux 
colorimetry according to the Standard Method #5200D (APHA, 1995). Total Kjeldahl 
nitrogen (TKN) and total phosphorus (TP) were analyzed by a SAN""、Segmented 
Flow Analyzer (Skalar, Breda, The Netherlands), after semi-micro-Kjeldahl digestion 
using Hg as a catalyst (Skalar, 1995). Total metals were measured by an inductively 
coupled plasma atomic emission spectrophotometer (ICP-AES) (Perkin Elmer 4300DV 
ICP-OES, Norwalk, USA) after digestion with concentrated nitric acid at 120。C 
(Method 3030E, A P H A , 1995). 
The samples were filtered through a 0.45 ^im Millipore membrane filter before 
analysis for soluble salts. Ammoniacal nitrogen (NHx-N), oxidized nitrogen (NOx-N), 
ortho-phosphate phosphorus (PCV'-P) and chloride (CI") were analyzed by a SAN""、 
analyzer. Dissolved metals were determined by an ICP-AES. 
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2.3.3 Statistical analysis 
The differences in chemical properties were analyzed by one-way analysis of 
f 
variance ( A N O V A ) and Tukey's Honestly Significant Difference test at P = 0.05 where 
appropriate. 
2.3.4 Phytotoxicity assay 
Raw leachate was diluted to a concentration series with MilliQ water. Petri dishes 
(9 cm diameter) were lined with a Whatman No. 1 filter paper which was moistened 
with 5 m L of diluted leachate. Seeds of Brassica chinensis (Chinese white cabbage) 
and Lolium perenne (perennial ryegrass) were obtained from local seed suppliers. 
Twenty seeds of each species were placed in each petri dish and there were four 
replicates for each treatment. The dishes were arranged in randomized blocks and 
incubated at 20°C in darkness. Germinated seeds were counted and primary root length 
was measured manually by a caliper after 4 days. Seeds were considered to have 
germinated when the radicle penetrated the seed coat (Kapustka, 1997). Germination 
index (GI) was determined according to Zucconi et al. (1981). 
G R 
Germination index (GI) = (1) 
Go Rq 
where, Gi = Germination rate in treatment (%) 
Go = Germination rate in control (water) (%) 
Ri = Root length in treatment (mm) 
Ro = Root length in control (water) (mm) 
The median effective concentration (EC50) was calculated from the dose response 
relationship between GI and leachate concentration by the Brain-Cousens model (Brain 
and Cousens,1989). 
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/ ( X ) 二“ [ 广 ( 2 ) 
1 + exp p ln(—) 
L ¥ _ 
where v|/ is the EC50 and y provides an estimate of the rate of increase at low dose. 
Positive y indicates the presence of hormesis and is reduced to a simple logistic model 
when 丫 = 0 (Schabenberger et al., 1999). 
2.4 Results and discussion 
2.4.1 Leachate characterization 
Table 2.3 summarizes the chemical composition of the leachate samples. They 
were characterized by high C O D and NHx-N content. The pH of leachate was about 
neutral or slightly alkaline. Landfills in Hong Kong develop methanogenic condition 
much earlier than those in other temperate areas. Alkaline leachates with high N H x 
content were found in the two operating landfills ( W E N T and SENT Landfills). The 
accelerated decomposition may be attributed to the relatively hot and humid weather 
and the high portion of readily degradable materials in the refuse (Carville and 
Robinson, 1991; Robinson, 1991; Lo, 1996). 
N H x is a plant macronutrient as well as a water pollutant. The concentrations of 
N H x in leachate ranged between 343 - 4790 m g L'\ The great majority of T K N (77 -
99%) was in NHx, probably derived from the deamination of nitrogenous compounds. 
The N contents of raw leachate far exceeded the effluent standards of local authority 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The levels of NOx-N were very low or even below the detection limits. The 
reducing conditions in methanogenic landfills do not favor nitrification. The redox 
potential of the leachate from the local operating landfills ranged from -193 m V to 
+63.6 m V (Wong, 2003). Nitrification is absent at a redox potential of-200 m V (Kemp 
et aL, 1990). Moreover, NO3" has a very high solubility and it is virtually not retained 
in soil. Once formed, it is readily leached out from the landfill. The level ofNOs' was 
further reduced by denitrification, which converted NO3- to gaseous N2O and N2. 
The leachates were low in P, having the highest total P content of only 
24 m g L.i in the W E N T leachate. It was lower than leachate from landfills of 
comparable age (Qasim and Chiang, 1994). The major form of P that existed in the 
leachate was orthophosphate (PCV). 
P is essentially immobile in soil and the landfill body. Under alkaline conditions, 
PO4 - ions quickly react with Ca to form insoluble tricalcium phosphate (Ca3(P04)2). In 
time, it further reacts to form hydroxyl-apatite ([3Ca3(P04)2]*Ca(0H)2), oxy-apatite 
([3Ca3(P04)2]*Ca0), carbonate apatite ([3Ca3(P04)2].CaC03) and fluorapatite 
([3Ca3(P04)2].CaF2) compounds, which are thousands of times more insoluble than 
Ca3(P04)2 (Budavari et al., 1996). Less than 0.01% of P in soil exists as soluble forms 
(Brady, 1990). A dilemma exists here. In the perspective of leachate treatment, soil can 
effectively remove P by land application of leachate. However, the extreme imbalance 
of P content and organic loading becomes a limiting factor in the biological treatment 
of leachate and the application of leachate for nutrient reuse. Addition of P to leachate 
has been a general practice to maintain an optimal B O D to P ratio to about 100:1 for 
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effective treatment (Robinson and Maris, 1983). Similarly, irrigation with leachate may 
not be able to satisfy the P demand of plants. Soil amendments such as sewage sludge 
f 
and artificial fertilizers may be required. 
The high salt contents in leachates were reflected by the high electrical 
conductivity (3 to 20 m S cm"'). Undiluted leachate is highly undesirable for use as 
irrigation water (Landon, 1991). Besides osmotic stress to plants, land application of 
undiluted leachate may add considerable amount of Na to the soil. Under high levels of 
exchangeable of Na in soil, clay particles are susceptible to swelling and dispersion, 
causing deterioration in soil structure and reduction in hydraulic conductivity (Rowell, 
1996). The effect depends on the relative concentration of Na, Ca and Mg, which is 
rated by the sodium absorption ratio (SAR). A profound sodic effect would be 
observed when the SAR is greater than 18 (Landon, 1991). 
Sodium absorption ratio (SAR) = ^ ^ ] (3) 
V[Mg2+] + [Ca2+] 
where [ X ] is the concentration of cations. 
The S A R of the leachates ranged from 31.4 (MYTC leachate) to 250 (SENT 
leachate); the levels of M g and Ca were too low to ameliorate the sodic effect of 
leachate. 
The concentrations of heavy metals were relatively low (< 1 mg L 】)，with the 
exception of Fe, M n and Zn. The low levels of metals can be attributed to the reducing 
and alkaline condition of landfills. They were retained in the landfill as they were 
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precipitated out with carbonate, hydroxide and sulfide. 
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2.4.1.1 Comparison among landfill sites 
Although all leachate samples were characterized by relatively high levels of C O D 
and NHx-N, their strength varied remarkably with landfill age. The C O D of the M Y T C 
leachate (158 m g L"^) was only 2.1% of that in the W E N T leachate (7350 m g L"'). The 
strength of leachate in general decreased with the landfill age, with the exception of the 
S E N T leachate. The NHx-N and C O D of the SENT leachate were only half of these of 
W E N T leachate. The SENT and W E N T Landfills commenced operation in September 
1994 and November 1993, respectively (EPD, 2003a). They have comparable area and 
capacity. Both landfills were open for waste dumping at the time of this study. 
However, the SENT Landfill received a greater amount of inert construction and 
demolition wastes which produced leachate of lower strength. 
The ratio of C O D to T O C at a given time may provide information on the type of 
organic constituents present. While T O C analysis directly assesses the C atoms present 
in organic compounds, C O D provides a measure of the oxygen-demanding substances. 
CODiTOC ratio reflects the average amount of oxygen needed for oxidizing each 
carbon atom. A high CODiTOC ratio may indicate organic compounds that are easily 
oxidized (e.g. alcohols). Lo (1996) reported that the COD:TOC ratio of leachate 
decreased with the age of landfill, indicating that large organic molecules are broken 
down to smaller, more oxidizable intermediates during waste degradation. 
However, a different trend was observed in this study. The CODiTOC ratio tended 
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to increase with the landfill age, ranging from 3.38 to 16.1. This can be explained by 
the leaching of refractory organics which were left in the landfill when waste 
degradation in a landfill comes to maturation. 
During waste degradation, the C O D , T O C and CODiTOC ratio of leachates 
decrease with landfill age as the organic fraction in wastes are broken down into simple 
and more oxidized forms, yielding CO2 and CH4 as the final products. However, when 
the degradation process approaches maturation, the COD:TOC ratio may rise again 
since only the recalcitrant materials are left in the landfill. One example is lignin, the 
primary component of paper. Although lignin is not toxic, it is not metabolized by 
anaerobic bacteria, even under the most ideal conditions (Barlaz, 1989). These 
compounds, which have not been degraded in earlier stages, may have a relatively high 
COD:TOC ratio. They may be not the major constituent in leachate during acetogenic 
and early methanogenic stages of waste degradation. However, they become more 
dominant as most of the easily degradable organics are leached out or mineralized. 
Frimmel and Weis (1991) reported the change in the molecular weight distribution of 
leachate. The low molecular weight fraction declined with landfill age and high 
molecular weight fraction became dominant. The leaching of refractory organics with 
high molecular weight finally led to the increase in the COD:TOC ratio of leachate. 
Compared with the landfills in temperate regions, landfills in Hong Kong require a 
much shorter time to stabilize owing to the warmer and more humid climate. The 
phenomenon of increased COD.TOC in leachate near landfill maturation can be 
observed much earlier. It should be emphasized that the COD:TOC ratio only reflects 
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the characteristics of organic constituents in leachate. Leachate samples having a high 
C O D : T O C ratio do not necessarily have a high organic loading. 
The C O D i T O C ratio should lie in the range of 0 to +4, which is within the range 
of the theoretical oxidation state of a carbon atom (-4 to +4). However, the leachates 
from three closed landfills had C O D : T O C ratios much larger than the theoretical 
maximum. Interference from NOi', S" and Fe (II) may contribute to the deviation 
(Vogel et al., 2000). Moreover, organically-bound N may consume dichromate in the 
C O D analysis and lead to the increase in CODiTOC ratio. The larger the portion of 
organic N , the higher is the COD:TOC ratio. 
2.4.2 Phytotoxicity assay 
2.4.2.1 Dose response relationships 
Germination rate in water is an important criterion of seed quality. Using seeds 
with high germination rate can increase the confidence in determining the intensity of 
the response to leachate toxicity. In this study, the minimum germination rate of 
Brassica chinensis and Lolium perenne were 88% and 90%, respectively. 
The germination rate and root length are plotted against the concentration of 
leachate (Figure 2.1). Germination rate and root length in general decreased with 
increasing leachate concentration, with the exception of the low concentration ranges in 
some leachates. The dose response curves of root length had a greater slope than that 
of germination rate, indicating that root length was more sensitive to leachate toxicity. 
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Figure 2.1 The germination rate (•) and root length (•)(as percentage of the control) of 
Brassica chinensis and Lolium perenne in the leachate germination test. 
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Figure 2.1 (Cont'd) The germination rate (•) and root length (•)(as percentage of the 
control) of Brassica chinensis and Lolium perenne in the leachate germination test. 
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Germination rate and root length were combined to yield a germination index (GI) 
(Zucconi et al., 1981). Figure 2.2 shows the relationship between germination index 
and leachate concentration. Growth stimulation at low doses was observed in the dose 
response curve of some leachate samples. The germination indices in low leachate 
concentrations were higher that in the control (water only) treatment. The increase in 
the GI might be due to a large percentage germination and/or longer root. Similar 
findings were demonstrated in phytotoxicity tests of leachate (Leung, 1985) and 
livestock waste compost (Tarn and Tiquia, 1994). 
It is commonly accepted that the growth promotion is attributed to the presence of 
nutrient ions such as NH4+, K+ in samples, provided that the toxic substances were 
diluted to a low level. In addition, hormesis may result in growth stimulation in low 
doses even in the absence of nutritional constituents. 
Hormesis had an unusual history, in that the phenomenon was discovered since 
the 19th century, and rediscovered more than once (Calabrese and Baldwin, 2000). It 
has not really gained general acceptance. Findings of hormesis were unwanted and 
unexpected since they lacked explicit mechanisms to account for it. However, it has 
been observed in numerous species from a broad range of taxonomic groups, chemical 
classes and biological endpoints. In a literature review by Calabrese and Baldwin 
(1997), 350 hormetic responses (8.7%) were identified in 4000 articles evaluated. 
In most toxicity tests, the toxic effects are observed as the inhibition of some 
biological endpoints above a threshold level with the increasing concentrations of an 
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Figure 2.2 The dose response relationship between leachate concentration and the 
germination index of Brassica chinensis and Lolium perenne. Error bars shows the 
standard deviation of 4 replicates. 
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Figure 2.2 (Cont'd) The dose response relationship between leachate concentration and 
the germination index of Brassica chinensis and Lolium perenne. Error bars shows the 
standard deviation of 4 replicates. 
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inhibitory agent. There is another component in the relationship, called Amdt-Schulz 
Law or hormesis, which suggests that biological systems can be stimulated by low 
f 
levels of inhibitors. An inverted U-shape pattern (or known as a beta-curve) can be 
observed in the dose response curves (Calabrese and Baldwin, 1998). 
Stebbing (1998) suggested that hormesis is a normal outcome of biological 
systems that counteracts the effect of inhibitors and maintains a steady metabolic rate 
which is self-regulated by end-product inhibition (negative feedback mechanism) 
(Figure 2.3). Exposure to inhibitors would trigger the homeorhetic response to 
counteract the inhibitory load. Specific growth rate (SRG) increases to a maximum at 
first, and then oscillates until an equilibrium is restored (Figure 2.4). The transient 
over-correction in SRG brings about a cumulative increase in biomass, resulting in a 
hormetic response. 
When the concentration of toxicants further increases, the onset of sustainable 
growth inhibition is observed. The beneficial effect (or the control mechanism in 
Stebbing's theory) is saturated by the overwhelming inhibitory load. When the 
response is plotted against the dosage, a beta-curve is obtained. 
Although growth stimulation was observed, a conclusion of hormetic dose-
response relationship cannot be made with confidence solely based on the findings of 
the present study. Calabrese and Baldwin (1998) suggested that hormetic response can 
be observed in 10-fold range below the no observable effect level (NOEL) and the 
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Figure 2.3 Schematic diagram showing the key features of feedback mechanisms for 
growth regulation (adapted from Stebbing, 1998). Disturbance (e.g. environmental 
stress) may affect the metabolism, which may result in the reduction in the relative 
growth rate. Change in metabolic rate is detected by a sensor element. Control 
elements adjust the metabolic rate in response to the signal from the sensor element and 
restore the actual growth rate to the required growth rate. 
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Figure 2.4 Conceptual diagram illustrating the change in specific growth rate (SRG) 
before and after exposure to inhibitor at a low dose. Before exposure to inhibitor, 
biosynthesis proceeds at the equilibrium rate. According to Stebbing (1998), inhibitor 
disturbs biosynthesis, leading to a decrease in specific growth rate. When homeorhetic 
process is triggered, the SRG increases to the maximum at first, and then oscillates until 
the equilibrium is restored. The transit over-correction in the SRG (shaded area) finally 
leads to the increase in cumulative growth. 
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This implies that four or more doses should be distributed in a specific manner below 
the N O E L in order to adequately assess the response in the hypothetical hormetic zone. 
The number of doses tested in this study was inadequate to describe possible hormetic 
responses. This study originally aimed at safety evaluation, which emphasizes the 
upper end (inhibitory zone) of the dose-response relationship. Only a limited number 
of doses can be tested in each toxicity test owing to time consuming endpoint 
measurement process. 
However, the beta-curve pattern in the dose response curves should not be 
overlooked. As mentioned, the stimulation in root growth may indicate some beneficial 
effects of leachate on plants. A detail investigation in the dose response relationship 
may give some insights into the beneficial use of landfill leachate. The technical 
constraints of the root elongation test can be overcome by innovations in image 
technology which can greatly improve the efficiency of the endpoint measurement. 
More doses can be tested to assess the degree of responses near N O E L . 
2.4.2.2 Implication of hormetic-like response on the selection of statistical model 
Toxicology studies often use mathematical or statistical models to transform the 
biological endpoint into a function of dose. Probit analysis is the most popular 
statistical model to interpret bioassay results. However, some dose response 
relationships determined in this study have violated the assumption of the Probit model, 
which requires that the intensity of response should monotonically increase (or decrease) 
with the dose (USEPA, 1996). That is, the probit model cannot be used when there is a 
GI higher than that of the control treatment. A common practice is then to ignore a part 
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of the data or to smooth the data. However, smoothing may lead to a biased estimation 
of the dose response relationship as the ‘pooled, control response is larger than the true 
f 
response in the control treatment. Brain and Cousens (1989) proposed a better solution 
by extending the logistic model so that it can accommodate both monotonic and 
dichotomous data. This model has been tested in toxicity test of herbicides (e.g. 
Schabenberger et al., 1999) and it was adopted in this study for the calculation of the 
EC50s. 
A:(l + fic) 
(4) 
The original form of Brain and Cousens model (Function 4) is unable to give the 
EC50 directly. Van Ewijk and Hoekstra (1993) parameterized the function (Function 2, 
in Page 44) to allow inference about quantities of interest. 
2.4.2.3 Phytotoxicity of leachate samples 
The EC50 of the leachate samples are presented in Table 2.4. Their values ranged 
between 4 % ( W E N T leachate) and 30% ( M Y T C leachate) and in general decreased 
with the strength of leachate samples (Table 2.4). The W E N T leachate (highest 
strength) was also the most phytotoxic among the 5 leachate samples. The EC50 of 
W E N T leachate determined by Brassica chinensis was significantly lower (P < 0.05) 
than the other leachate samples. 
There was a remarkable difference between the phytotoxicity of the leachate 
samples from the two operating landfill. The toxicity of the SENT leachate was 
significantly lower (P < 0.05), possibly due to the difference in their waste composition. 
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Table 2.4 The media effective concentrations of leachate samples tested with Brassica 
chinensis and Lolium perenne. The CI95 represents the 95% confidence interval of 4 
replicates. 
Leachate sample EC50 (% v/v) 士 CI95 
Lolium perenne Brassica chinensis 
M Y T C 23.2 ±6.54 a 29.6±2.41a 
PPV 18.5 ±5.65 a 19.0士 1.40b 
s e n t 17.5 ±2.09 a 19.8±6.10b 
T K O 9.19± 1.79 b 8.91 ±0.61 c 
W E N T 4.29 ± 0/79 c 4.32 ± 2.43 d 
When compared within a species, values in a column followed by the same letter do not 
differ significantly at P > 0.05. 
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The phytotoxicity of leachate could be primarily attributed to its high salinity. 
Electrical conductivity of 4 m S cm'^ would inhibit seed growth by disturbing water 
uptake in salt sensitive plants (Bewley and Black, 1994). Although Lolium perenne is 
more tolerant to salinity, yield reduction would be observed when the EC is higher than 
5.6 m S cm-i (Mass, 1993). 
The osmotic effect of salts in leachate mainly impedes water uptake by plant roots 
by reducing the water potential of the substrate. The symptoms are turgor loss and 
wilting. Other effects of salt stress are delay in germination and emergence. It can be 
fatal if the seedlings, which are weakened by high salinity, encounter other stresses, 
such as an extreme temperature, synergistically (Mass, 1993). On the other hand, the 
effects of specific ions varied, as ions can interfere with physiological processes at 
different levels within an organism. Plants that are drought-resistant may be salt 
sensitive. 
Cationic NH4+ can be utilized by plants as a N source, but becomes toxic when it 
is in excess. The effects of N H x on plants are summarized in Figure 2.5. Low 
concentration of N H x generally accelerates development. At extreme concentration, 
N H x can be directly toxic, resulting in etching of tissue. At lower concentrations, 
damage at cellular levels may occur as the detoxification mechanisms, such as pH 
buffering capacity, are overloaded. 
It has been demonstrated that excessive N H x in landfill leachate would hinder 
germination and seedling growth of grasses and trees, including Brassica chinensis and 
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Figure 2.5 An indication of the nature and intensity of the effects of N H x on plants at 
different concentration ranges (adapted from Dueck and Van der Eerden, 2000). 
6 3 
LoHum perenne (Leung, 1985). O'Brien and Barker (1996) also demonstrated that the 
inhibitory effects on germination and root growth of Lolium perenne were associated 
with the content of N H x in compost extract. Similar results were reported in a 
phytotoxicity test of manure extract using seeds of Brassica parachinensis (Wong and 
Lau, 1983). 
Na is one of the prevalent ions in landfill leachate. Besides damage to soil 
structure, many agronomic plant species are seriously injured by a high Na:Ca ratio in 
the substrate. Addition of Na without the concomitant increase in Ca has been shown 
to cause specific damage to cell membranes (Cramer et al., 1985). 
Organic acids originating from waste degradation were suggested to inhibit 
germination and root growth (Pascal et al., 1997; Ozores-Hampton et al., 1999). 
However, they were less likely to be a major cause of leachate phytoxicity from the 
landfill studies. Methanogenic conditions had been established in these landfills, which 
were indicated by the alkaline leachates with high N H x content. Acids formed in 
anaerobic degradation were assimilated for methanogensis. 
The results of germination tests provided an overall picture about the phytotoxicity 
level of landfill leachate. However, owing to the complexity of leachate composition, it 
is difficult to suggest, with certainty, the major toxicant(s)/factor(s) that contribute to 
the phytotoxicity. A toxicity identification evaluation (TIE) technique may help to 
answer the question. Although the TIE protocol (USEPA, 1993) was originally 
developed for toxicity assay using aquatic organisms, germination tests can be 
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incorporated into the TIE procedure to identify and the major toxicant. Compared with 
test protocols using mature plant, germination/root elongation tests are more suitable 
for the TIE procedure as it requires only a small amount of pretreated sample. 
2.4.2.4 Comparison between species 
Brassica chinensis is not a species suggested by the standard methods since it is 
less common in the western societies. There was no significant difference (P > 0.05) 
between the EC50s determined for the two plants, implying that Brassica chinensis and 
Lolium perenne were equally sensitivive to the toxicity of leachate. The ranges of 
CI95s determined by Brassica chinensis were even smaller, indicating the smaller 
variation between replicates. With regard to the efficiency of the test, Brassica 
chinensis may be more suitable for phytotoxicity assay. It has a radicle of larger 
diameter, which is easier to handle and is less susceptible to breakage during root 
length measurement. Moreover, if root length is determined by imagery analysis 
thicker root may facilitate the root identification and measurement. 
2.5 Conclusions 
When rainwater infiltrates through a landfill, it picks up organic and inorganic 
substances in the decomposing wastes to form leachate. The variation in leachate 
composition is generally attributed to differences in age, climate and waste composition. 
Although leachate can provide a considerable amount of macronutrients such as N and 
K, undiluted leachate is not recommended to be used as irrigation water due to high 
salinity and sodicity. 
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This study evaluated the phytotoxicity of 5 leachate samples using seed 
germination/root elongation tests. Their EC50 ranged from 4 % ( W E N T leachate) to 
f 
30o/o ( M Y T C leachate) and in general decreased with the strength of leachate samples. 
Some dose response relationships showed growth stimulation in low doses, which 
could be attributed to hormesis and the presence of some nutrient constituents in the 
leachates. The seeds of Brassica chinensis and Lolium perenne were equally sensitive 
to leachate phytotoxicity. In the next experiment, they would be used to evaluate the 
toxicity of two other leachate samples. Results of germination tests should be 
incorporated into the leachate irrigation practice to safeguard the recipient plants. 
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Chapter 3 Leachate irrigation: Effects on plant performance and 
soil properties 
3.1 Introduction 
On degraded sites, there is usually substantial deficiency of macronutrients, 
especially N’ due to their removal in aboveground biomass, surface litter and topsoil. 
Hence for land restoration, addition of very large amounts of nitrogenous fertilizer is 
usually be required (Bradshaw, 1983). Municipal landfill leachate has been suggested 
to be used as fertilizer because of its high N content. However, experimental studies 
on the use of landfill leachate for plant growth have reported both positive and 
detrimental effects. Bramryd (1988) obtained an increase in the biomass productivity 
of Dactylis ghmerata, Salix viminalis and Salix aquatica irrigated with leachates. 
Liang et al (1999) suggested the use of landfill leachate as irrigation water in dry 
seasons, in which leachate enhanced the growth, the survival and the stomatal 
conductance of Acacia confusa, Leucaena leuocephala and Eucalyptus torelliana. In 
contrast, irrigation with landfill leachate may lead to reduced yield and poor survival 
rate (Menser, 1981; Menser et al, 1983). 
Contradictory results are not only observed between experiments, but also between 
plant species within a study. Cureton et al. (1991) reported significantly higher 
growth in Phalaris arundinacea, Salix babylonica and Populus nigra subjected to 
leachate application, but phytotoxicity symptoms such as brown leaves and necrotic 
spots were observed in poplar leaves, while chlorophyll degradation or even complete 
chlorosis were found in willows. These results show that species, leachate source, 
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methods of application and their interactions all had significant influences on the 
outcome of leachate irrigation. 
Moreover, there have been extensive reports on the deterioration in soil quality, 
such as soil salination (Wong and Leung, 1989; Hernandez et al., 1999) and the 
increase in soil sodicity (Winant, 1981; Chan, 1982) after leachate application. Once 
occurred, some damages are irreversible. Mitigation measures, if possible, are 
sometimes costly and time consuming. For example, massive plant mortality and 
consequent soil erosion may require topsoil replacement and revegetation. 
Leachate irrigation can provide a means of wastewater disposal as well as nutrient 
reuse. However, research on leachate irrigation mainly focused on the use of the 
soil-plant system for wastewater treatment and disposal. Most of the experiments 
aimed at investigating and maximizing treatment efficiency. The details of leachate 
application, for example, the dilution levels, were seldom considered in light of 
phytotoxicity data of individual leachate samples and this may result in contradictory 
outcomes. Bowman et al (2002) reported the feasibility of alternating irrigation with 
leachate and water on turf grass (Cynodon dactylon and Pennisetum clandestinum) to 
mitigate the problem of soil salination. Leachate applied at 50% (one leachate 
irrigation followed by one watering) resulted in yield reduction, but the yield was 
higher than the control (0%; water only) when the frequency of leachate application 
was reduced to 20%. 
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Leachate contains considerable amount of N H x and other nutrients that can be 
assimilated for plant growth. However, the application rates being tested in the above 
mentioned studies exceeded the nutrient requirement considerably (especially the N 
demand). If the aim of leachate irrigation is solely for nutrient supply, there is still 
flexibility for reducing the application rate to control possible phytotoxicity. 
Uncertainty in predicting outcomes, together with the possible harmful effects to 
vegetation and soil, result in risks associated with using leachate for irrigation. 
Practitioners of landfill restoration are still reluctant to apply leachate to enhance 
vegetative growth. It is necessary to develop a more reliable means to evaluate the 
suitability of landfill leachate for fertigation and determine the method of application. 
The composition and phytotoxicity of leachates from some local landfills were 
assayed in the previous experiment. They carried many soluble compounds 
originating from the degrading solid wastes. Leachate samples were characterized by 
high levels of salts, N H x and organics. The concentrations of heavy metals were low 
compared with those found in the literature. Seed germination/root elongation tests in 
the previous experiment provided a general picture of the phytotoxicity of landfill 
leachate. 
The present study aimed at using leachate as an alternative to fertilizer. The 
responses of tree seedlings to leachate irrigation was investigated. An attempt was 
made to incorporate phytotoxicity data in the design of the leachate irrigation plan to 
safeguard the plant from mortality or growth inhibition. It was hypothesized that if 
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the recipient plants (tree seedlings) and the germinating seeds were equally sensitive to 
leachate phytotoxicity, application of leachate at the EC50 level (determined by the 
r 
germination test) would result in 50% growth inhibition or deterioration in other health 
indices such as chlorophyll fluorescence. Tissue analysis and biological responses of 
the test plants (growth, survival, chlorophyll fluorescence, visible symptoms of mineral 
disorder) were employed, to detect and evaluate the effects of leachate irrigation. 
Soils after leachate treatments were also analyzed to evaluate the effectiveness of 
leachate in improving the fertility of the receiving soil and the sustainability of 
revegetation. 
3.2 Materials and methods 
Leachate from the PPV Landfill (closed landfill) and the W E N T Landfill 
(operating landfill) were collected in March 2002. Leachates were assayed for their 
phytotoxicity using seed germination/root elongation tests. Tree seedlings of 12 
species were tested with leachate irrigation at the EC50 level determined by the 
germination test to assess the differences in their response and sensitivity to landfill 
leachates. The mineral contents of soil and foliage tissue were determined at harvest. 
3.2.1 Leachate sampling and analysis 
Leachate samples were collected from the leachate extraction well at the PPV 
Landfill, and the inflow pipe of leachate treatment plant at the W E N T Landfill. The 
samples were stored in air-tight 10-L P V C carboys. They were transported to the 
laboratory and stored at 4°C. Chemical analysis and phytotoxicity tests were 
conducted within 24 hours after collection using methods as described in Chapter 2. 
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3.2.2 Leachate irrigation experiment 
Twelve tree species, which included commonly used exotics and less commonly 
planted natives, were selected for leachate irrigation. Two N-fixing species were 
included because of their importance in the amelioration of degraded soils as destined 
for revegetation. Tree seedlings with the height of 20 - 30 cm (1 year old) were 
purchased from local tree nurseries. They were then transplanted to pots of 19 cm i.d. 
and 18 cm in height. The soil used was a decomposed granite (DG) collected from the 
Lam Tei Quarry, Tuen Mun, which was passed through a 5 m m mesh sieve to remove 
large particles before use. 
After acclimation for one month, the tree seedlings were irrigated with leachate 
diluted with tap water to their respective EC50 levels for a period of 90 days. Each 
pot was surface irrigated with 12 m m of diluted leachate three times a week, with the 
same amount of tap water for the control. The volume of irrigation was equivalent to 
the average rainfall of Hong Kong. Excess moisture was allowed to drain from the 
bottom of pots. Each treatment had five replicates and the pots were arranged in 
randomized blocks in a greenhouse (Plate 3.1). 
The growth and health of the plants were monitored during the experimental 
period. Height, basal diameter and standing leaf number were measured every 4 
weeks. Foliage biomass, as well as the mineral nutrient contents of soil and foliage 
tissue were determined at harvest. Chlorophyll fluorescence was determined every 2 
weeks using a Plant Efficiency Analyzer (PEA) (Hansatech, England). Additionally, 
the number of leaves and some visible vegetative effects, such as chlorosis, 
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Plate 3.1 Tree seedling in 19-cm pots arranged in randomized blocks in a greenhouse. 
The photo was taken on Day 90 just before harvesting. 
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browning leaf edges and turgor loss, were observed during the course of leachate 
application. 
3.2.3 Soil and plant analysis 
3.2.3.1 Soil sampling and preparation 
The soil in pots was sampled by inserting a stainless steel soil core (4 cm i.d.) 
vertically into the soil at the end of the experiment. Soil in the pots of Acacia 
auriculiformis and Casuarina equisetifolia, which are N-fixing, were sampled and 
analyzed separately from that of non-N-fixing species. Four pots were randomly 
selected from each treatment. Samples were air-dried for 14 days and passed through 
a 2 m m sieve before texture determination and chemical analysis. 
3.2.3.2 Soil texture 
Soil texture was determined by the Bouyoucos hydrometer method which 
measures the decrease in density of a suspension as soil particles settle (Allen, 1989; 
Grimshaw, 1989). Air-dried soil was dispersed with 5 % sodium hexametaphosphate 
(Calgon solution) and water. The hydrometer readings were taken at 4 min 48 seconds 
(for silt and clay contents) and 5 hours (for clay content). The sand, silt and clay 
contents were expressed as percentages by weight and textural class was determined 
following the classification of the International Society of Soil Science. 
3.2.3.3 pH and electrical conductivity 
Soil samples were extracted with Milli Q water at a ratio of 1:2.5 w/v and shaken 
at 150 rpm for 1 h. The pH and electrical conductivity of the settled suspension were 
measured with a pH and conductivity meter. 
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3.2.3.4 Organic carbon 
Preweighed samples were analyzed by the IR-combustion method using a Total 
Organic Carbon Analyzer (TOC5000A, Shimadzu Corporation, Kyoto, Japan) with a 
Solid Sample Combustion Unit (SSM5000A, Shimadzu Corporation, Kyoto, Japan). 
3.2.3.5 Nitrogen 
Total N content was determined by a SAN竹""Segmented Flow Auto-analyzer 
(SAN"〜0 after semi micro-Kjeldahl digestion (Skalar, 1995). Extractable NHx-N and 
NOx-N were measured by SAN^^"^ after extraction with 1 M KCl at 150 rpm for 1 h 
(Rowell, 1996). 
3.2.3.6 Phosphorus 
Total P content was measured by SAN"'"、after semi micro- Kjeldahl digestion 
(Skalar, 1995). Available P04^"-P was determined by SAN灿"after extraction with a 
(NH4)2S04 buffer (pH = 3.0) (Troug's reagent) at 150 rpm for 30 min (Troug, 1930). 
3.2.3.7 Chloride 
Soil samples were extracted with 0.01 M Ca(N03)2 for 30 min (Soil and Plant 
Analysis Council, 2000), followed by determination using a SAN^ "^"" analyzer. 
3.2.3.8 Metals 
Total metal contents were determined by a inductively coupled plasma atomic 
emission spectrometer, after mixed acid (H2SO4： HNO3 二 1:5 v/v) digestion at 120®C. 
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3.2.3.9 Foliage analysis 
Foliage was harvested and washed with deionized water. It was then placed in a 
f 
preweighed paper bag and dried at 65。C to constant weight. Foliage biomass was 
weighed. The tissue was milled and analyzed for total N and metal contents. The 
methods of digestion and measurement were the same as those for the soil samples. 
3.3 Results and discussion 
3.3.1 Leachate 
3.3.1.1 Chemical properties 
The chemical properties of the two leachate samples are presented in Table 3.1. 
They possessed some common characteristics of typical landfill leachates. The two 
samples were slightly alkaline with high C O D , T K N and NHx-N contents. They were 
high in CI" and some major cations such as Na, but the concentrations of heavy metals 
and P were relatively low. Compared with the PPV and W E N T leachate assayed in 
the previous experiment (collected in November 2001), the strength of the leachates 
collected for this experiment (collected in March 2002) was much lower. 
There is a seasonal variation in the composition of landfill leachate. Leachate 
generated in dry seasons (October to February) usually has a higher strength than 
samples collected in wet seasons (Wong, 2003). Chu et al (1994) demonstrated that 
the strength of leachates was negatively correlated with the cumulative rainfall recorded 
7 days and 14 days before sampling. Moreover, the large difference in the leachate 
composition can also be attributed to the weather conditions before sample collection, 
which influenced the water budget of landfills. 
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Table 3.1 Properties of leachate samples used for the irrigation experiment. 
Leachate 
PPV W E N T — 
^ ^ 
Electrical conductivity 4.20 17.0 
C O D 348 士 5.90 6380 土 78.4 
T O C 35.3 ± 5.35 1970 ± 11.1 
Total Kjeldahl nitrogen (TKN) 297 士 11.1 2130 士 34.9 
Ammoniacal nitrogen (NHx-N) 284 士 12.3 2210 士 17.7 
Oxidized nitrogen (NOx-N) < 1.00 <1.00 
Total phosphorus (TP) 10.5 ±0.05 15.2 ±0.14 
ortkophosphate phosphorus (P04^'-P) 5.43 ± 0.07 15.0 ± 0.14 
Chloride (CI") 297 ± 5.16 3080 ± 21.5 
Total metals 
Na 572 士 3.25 1960 士 43.9 
K 239 士 2.30 1330 士 44.5 
Ca 54.4 士 0.60 31.9 士 0.25 
M g 2：3.7±0.：35 112 ±1.30 
Cd <0.001 <0.001 
Cr <0.001 0.24 ±0.00 
Cu <0.001 0.02 ±0.00 
Fe 4.62 士 0.00 4.36 土 0.00 
M n 1.51 ± 0.00 0.02 ±0.00 
Pb <0.001 0.15 ±0.00 
Zn 0.10 士 0.00 0.96 士 0.00 
Soluble metals 
Na 556 士 5.65 1750 士 17.6 
K 231 士 2.82 1310 士 17.9 
Ca 23.6 ± 0.25 5.73 ±0.02 
M g 21.5 士 2.50 87.2 士 7.09 
Cd <0.001 <0.001 
Cr <0.001 0.43 ±0.00 
Cu <0.001 <0.001 
Fe 0.80 士 0.00 2.42 士 0.05 
M n 0.45 ± 0.00 0.01 ±0.00 
Pb <0.001 0.08 ±0.00 
Zn <0.001 0.55 士 0.00 
All units in mg L'^  except for pH (no units) and electrical conductivity (mS cm""】). 
7 6 
March 2002 was much warmer and wetter than usual (Table 3.2). The mean air 
temperature of was S.O'^ C above the normal, the warmest for March. The 
monthly rainfall of 239 m m was more than three times the normal amount. The 
cumulative rainfall in the first three months of the year was 268 m m , nearly twice the 
normal figure for the same period. The total evaporation was 85.5 m m , which was 
lower than the normal of 92.2 m m (Hong Kong Observatory, 2003 b,c). 
The immediate effect of increased water infiltration is flushing of chemical species 
with high solubility, such as NH4+ and CI". There may be a sudden increase in their 
concentrations. Afterwards, increased water infiltration would dilute the constituents 
in leachate, leading to a decrease in their strength. Chu et al. (1994) demonstrated that 
the strength of leachates was negatively correlated with the cumulative rainfall recorded 
7 days and 14 days before sampling. 
3.3.1.2 Phytotoxicity 
The phytotoxicity of leachate changed with the composition of the samples. The 
EC50s of leachates from different landfills ranged from 3 % to 46% (v/v) according to 
the germination test (Table 3.3). The ECSOs determined for two plant species, 
Brassica chinensis and Lolium perenne, did not differ significantly. The current 
samples were significantly less toxic than the previous batch of samples. There were 
also significant differences in the levels of NHx-N and CY in the two batches of 
leachate samples, suggesting that CI" and NHx were the major constituents contributing 
to the phytotoxicity. The effects of CI" on plants will be discussed in the later sections. 
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Table 3.2 Meteorological observations in Hong Kong for March 2002 and monthly 
meteorological normals observed between 1961-1990 (Hong Kong Observatory, 
2003 b, c). , 
Meteorological parameter Normal Value observed in 
value March 2002 
Mean air temperature (°C) 18.5 21.5 
Rainfall (mm) 66.9 239 
Cumulative rainfall (Jan - Mar) (mm) 141 268 
Total evaporation (mm) 92.2 85.5 
Table 3.3 The ECSOs of leachate samples determined by seed germination/root 
elongation tests. 
EC50 (% v/v) 士 CI95 
Lolium perenne Brassica chinensis 
PPV leachate 45.9 士 1.84 32.8 士 2.50 
W E N T leachate 5.52 ±0.54 2.95 ±0.81 
CI95 is the confidence interval at 95% of EC50 determined by 4 replicates. 
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3.3.2 Plant responses 
Using landfill leachate as a source of nutrients is not practicable if it leads to mass 
plant mortality or deterioration of soil fertility. The success of leachate irrigation 
depends on balancing the beneficial effect of nutrient supply to plants, and the 
detrimental effects of some phytotoxic substances/factors such as high salinity and 
excessive N H x . 
3.3.2.1 Growth 
Figure 3.1 shows the percentage growth in plant height after 90 days. In general, 
the leachate-treated plants had better growth performance than those receiving water 
alone. Although the strength of the W E N T leachate was much higher than that of the 
PPV leachate, most of the species did not exhibit significant growth differences in the 
two leachate treatments. 
Instead of diluting the leachates arbitrarily, the levels of dilution were determined 
based on the biological responses of germinating seeds. Each plant received leachate 
irrigation at their respective EC50 (i.e. the concentration which led to a half of the 
intensity of the biological response in the control group). The dilutions for the two 
leachates, in terms of percentage by volume, were different. The higher the strength 
of raw leachate, the lower is the concentration of leachate applied. Thus, the intensity 
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Figure 3.1 Plant growth in height after 90-day irrigation with water or leachate from the 
PPV and W E N T Landfills. When compared within the same species, bars with the 
same letter are not significantly different at P > 0.05 by Tukey's test. 
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When compared among the 12 species used in this experiment, Hibiscus tiliaceus 
and Litsea glutinosa exhibited remarkable growth promotion with leachate irrigation 
t 
(Plates 3.2 and 3.3); their growth were 3 and 12 times that of the control, respectively. 
Differences in growth could be attributed to the differential responses to the addition of 
nutrients. There is ample literature on accelerated tree growth after N application. 
However, only a few studies addressed the differential responses in different tree 
species. A classic study of the response of a forest to fertilizer application was that 
done in N e w England by Mitchell and Chandler (1939). Tree species were classified 
as N-demanding, N-tolerant and intermediate. The N-tolerant species grew relatively 
well in soil with low available N but did not increase growth as much as N-demanding 
species after fertilizer application. Besides the different responses to N applied with 
leachate, difference in growth can also be attributed to the tolerance to inhibitory 
constituents in the leachates. Hibiscus tiliaceus is a salt-tolerant plant which inhabits 
coastal areas such as seashores where substrate salinity is relatively high. It seems to 
be less susceptible to soil salination as a result of leachate irrigation. 
On the other hand, the N-fixing legume Acacia auriculiformis was not superior to 
other non-N-fixing plants in growth under leachate irrigation. The symbiotic N-fixing 
capability allows acacia to grow well on infertile granitic soil (Corlett, 1999; Chong, 
1999). However, it was no longer an advantage when there was ample supply of N 
from the leachates. Moreover, the high level of NHx, or possibly other constituents in 
leachate, may be detrimental to symbiotic N fixation. Leachate irrigation resulted in 
poor nodule development and reduced nitrogenase activity (Chan et al., 1999). In the 
present study, the root nodules on leachate-treated acacias were black in colour 
8 1 
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Plate 3.2 Hibiscus tiliaceus after being irrigated with water and leachates for 90 days. 
Compared with the water treatment, the color of foliage was darker in the leachate 
treatments. The trees that received leachates had denser leaves with larger leaf area. 
Trees receiving W E N T leachate had many newly grown leaves on the lower part of the 
stem, possibly due to excessive nutrient supply. 
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^mmA 
Plate 3.3 Litsea glutinosa after irrigated with water and leachates for 90 days. The 
differences in growth between treatment groups was more evident than Hibiscus 
tiliaceus. The leaf area in leachate-treated plants were much larger, up to 4 - 6 times 
of those in the control group. Moreover, the leaf colour of leachate treated plants was 
darker. 
82 
(Plates 3.4 and 3.5), which indicates poor nodule formation and low N-fixing activity 
(Dreyfus et al., 1987). 
t 
There is also a concern about the cumulative effects of repeated application of 
diluted leachate. Plants may benefit from the external supply of nutrients (from 
leachate) and grow rapidly at the beginning of leachate irrigation. The specific 
growth rate reduces gradually when the inhibitory substances (if any) build up in the 
soil. Growth evaluation based solely on the plant height measured at the end of the 
experiment may fail to detect the increasing inhibitory effects of repeated dose. 
Monitoring growth rate, rather than height, can solve this limitation. Figure 3.2 
presents the percentage change in the plant height during the course of leachate 
irrigation. The slopes of the lines indicate the growth rate between successive height 
measurements. Leachate-treated plants exhibited a higher growth rate than those 
receiving water irrigation alone, except in Acacia auriculiformis. The growth 
promotion by leachate seems to be continued as the growth rate of all leachate-treated 
plants were higher than the controls throughout the experiment. 
Basal diameters of tree seedlings (Table 3.4) showed a similar trend. Leachate 
treated plants grew equally well or better than the control treatments. However, the 
basal diameter was less sensitive in detecting the growth difference between treatments, 
probably because of a slower change in girth and relatively larger error between 
measurements. Also the period of leachate irrigation was too short for trees to exhibit 
differences of statistical significance. 
8 3 
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Plate 3.4 A close-up of root nodules (within the red rectangle) in an Acacia 
auriculiformas seedling irrigated with diluted W E N T leachate. The density of 
nodules in leachate-treated plants was lower. The nodules were in a blackish brown 
colour, which indicates poor nodule formation and low N-flxing activity. 
S A H l i B H H 
Plate 3.5 Root nodules of an Acacia auriculiformas seedling irrigated with water. 
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Figure 3.2 Percentage change in height of plants, after irrigation with water (•) and 
leachates from PPV (•) and W E N T (•) Landfills. Error bars show the standard 
deviation of 5 replicates. 
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Figure 3.2 (cont'd) Percentage change in height of plants, after irrigation with 
water (•) and leachates from PPV (•) and W E N T (•) Landfills. Error bars show the 
standard deviation of 5 replicates. 
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Table 3.4 Plant growth in basal diameter after 90-day irrigation with water and 
leachate from PPV and W E N T Landfills. 
Percentage change (%) 
Species Water PPV leachate W E N T leachate 
Acacia auriculiformis 28.4 士 18.8 a 33.3 士 10.8 a 18.3 士 9.87 a 
Casuarina equisetifolia 12.1 士 9.58 a 6.54 ±27.9 a 17.4 ±18.7 a 
Celtis sinensis 24.0 士 27.3 a 30.3 ± 24.0 a 10.4 士 12.4 a 
Cinnamomum camphora -2.82 士 6.85 b 26.1 士 8.77 a 28.3 士 32.5 a 
Eucalyptus citriodora 16.0 ± 4.73 a 16.7 ±26.6 a 27.2 士 11.5a 
Hibiscus tiliaceus 16.4 士 9.29 b 29.9 ± 15.5 b 75.7 ± 15.9 a 
Liquidambarformosana -2.23 士 8.43 a 1.37 土 10.5 a 3.86 士 14.9 a 
Litsea glutinosa -6.85 ± 7.40 a 15.8 ±11.8 a 16.0 土 11.6 a 
Lophostemon confertus -3.53 士 14.4 a 13.5 士 13.9 a -3.41 士 15.1 a 
Melaleuca quinquenervia 29.1 ± 34.7 a 38.2 ± 19.2 a 31.2 士 13.2 a 
Sapium discolor 3.06 士 8.15 b 21.0 士 8.50 ab 30.7 士 17.8 a 
Scolopia chinensis 3.21 ±7.99 a 8.15 ± 14.4 a 6.09 ± 13.7 a 
When compared within species, means followed by the same letters are not 
significantly different at P > 0.05 by Tukey's test. 
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Leachate treatments not only led to growth in height, but also resulted in biomass 
increase. The foliage biomass of leachate-treated plants was significantly higher than 
that in the controls (Table 3.5). Increase in foliage biomass can be attributed to larger 
leaf area and more/denser leaves on plants (Plates 3.2 and 3.3). The standing leaf 
number and leaf area of leachate-treated plants were remarkably larger, probably as a 
consequence of increased nutrient supply. Increased vegetative growth may not be 
beneficial in some circumstances. For example, delicate young seedlings with very 
large and dense leaves may easily lodge with wind drift. Moreover, leaves are 
susceptible to damage as they rub against each other in strong wind. Excessive 
application of N would also delay crop maturity and the plants are more susceptible to 
diseases and pests (Brady, 1990; Marschner, 1995). The ecological consequences of 
excessive N supply will be discussed in a later section. 
3.3.2.2 Plant survival and health 
Plants respond quickly to the increase in soil salinity, especially when Na+ and CI" 
are the contributing factors. Irrigation with saline water results in chlorosis, leaf bum 
and massive leaf fall. Some of these injuries are irreversible. In more severe case; 
plants can wither in a few days. All tree seedlings tested in this experiment survived 
until harvest. Their health was monitored qualitatively (visible symptoms) and 
quantitatively (standing leaf number and chlorophyll fluorescence) to detect the 
appearance of stress responses. 
When compared with the data collected before leachate application, no massive 
leaf fall (Figure 3.3) or significant changes in the fluorescence parameters (data not 
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Table 3.5 Foliage biomass harvested after 90-day irrigation with water and leachate 
from PPV and W E N T Landfills. 
Species Foliage biomass (g) 
Water PPV leachate W E N T leachate 
Acacia auriculiformis 13.1 士 2.64 a 12.4 土 1.50 a 12.5 士 2.65 a 
Casuarina equisetifolia 12.5 士 5.62 a 13.7 士 4.23 a 15.5 士 4.95 a 
Celtis sinensis 6.17 士 6.53 a 8.06 士 1.56 a 6.59 土 0.46 a 
Cinnamomum camphora 8.35 士 1.14 b 19.7 士 3.94 a 22.1 士 3.15 a 
Eucalyptus citriodora 9.96 士 0.79 a 12.5 士 2.04 a 12.5 士 0.89 a 
Hibiscus tiliaceus 9.16 ± 1.32 b 12.9 士 6.29 b 20.1 土 3.40 a 
Liquidambar formosana 6.70 ± 0.41 a 7.63 士 1.33 a 8.14 ± 1.23 a 
Litsea glutinosa 9.00 ± 1.35 b 19.7± 1.30 a 16.7±13.5a 
Lophostemon confertus 10.0 ± 1.20 b 15.2 士 2.62 a 11.5 士 2.72 ab 
Melaleuca quinquenervia 8.31 ±1.65 a 10.5 ±1.90 a 11.2 士 2.10 a 
Sapium discolor 6.34 ± 0.83 b 13.3 ±2.32 a 13.8 ±5.10 a 
Scolopia chinensis 7.45 士 0.70 a 7.92 ± 1.46 a 8.79 士 0.34 a 
When compared within species, means followed by the same letters are not 
significantly different atP> 0.05 by Tukey's test. 
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Figure 3.3 Standing leaf number after irrigation with water ( • ) and leachate from 
P P V (•) and W E N T (•) Landfills. Error bars show the standard deviation of 5 
replicates. 
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Figure 3.3 (cont'd) Standing leaf number after irrigation with water ( A ) and leachate 
from P P V (•) and W E N T (•) Landfills. Error bars show the standard deviation of 5 
replicates. 
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shown) were observed during the course of leachate irrigation. The environmental 
stress imposed by the application of leachate was well below the tolerance limits of the 
r 
plants. 
Leachate irrigation also brought about some changes in the appearance of plants. 
Leachate-treated plants had a dark green color, which can be attributed to the supply of 
soil N. Waskom et al (1997) reported the effect of soil N on the absorbance of leaves. 
Plants with adequate supply of N had a darker leaf color than those growing in 
N-deficient soil. However, salinity stress could also result in similar symptoms. 
Plant growth was stunted, the leaves were dull green in colour and the leaf margins 
were curled towards the lower surface of leaves (Rusell, 1973). Leung (1985) 
reported some of these symptoms in plants {Brassica chinensis and B. parachinensis) 
treated with 20 and 40% leachate. However, it was very difficult to distinguish 
between the two possible causes as excessive N supply and slight to moderate increase 
in soil salinity would lead to similar symptoms. 
Plant symptoms may be a useful indication of the nature of mineral disorders and 
other environmental stresses. Most nutrient deficiencies and elemental toxicities 
impair plant metabolism in a characteristic way which is manifested in visible 
symptoms on plants. Taking N as an example, deficiency not only stunts plant growth, 
but also results in pale green leaves, sometimes with reddening on the underside of 
leaves. On the other hand, toxicity of excessive NH4+ may cause blackening around 
tips and edges of leaves (Grundon et al., 1997). 
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Standing leaf number and chlorophyll fluorescence provide rapid and 
non-destructive means to reflect acute stresses on plants. Stephens et al (2000) 
t 
reported that Salix viminalis progressively lost their leaves after dosing with CI" at the 
rate of 200 m M (equivalent to 7.1 m g L"^ ). Chlorophyll fluorescence can probe 
changes in the photosynthetic apparatus before visible injury appears. A decrease in 
dark-adapted Fy/Fm and increase in F。indicate the disturbance in response to water 
stress (Epron et al., 1992), nutritional stress and the exposure to phytotoxic chemicals 
(Kapustak, 1994; Gemel et al., 1997). 
However, reliance on plant symptoms and the change in photosynthetic efficiency 
has several limitations. For example, symptoms generally develop only in cases of 
severe disorder. Moderate or transient deficiency (or toxicity) may significantly 
depress plant growth without producing any symptom that can be diagnosed. 
Moreover, chlorophyll parameters and plant symptoms may not be specific. Under 
certain conditions, different nutrient disorders can produce rather similar symptoms 
(Grundon et al., 1997). Practitioners need to be able to distinguish between symptoms 
caused by nutrient disorder and those caused by other environmental stressors. 
Confirmation by other methods such as plant and soil analysis is essential. 
3.3.2.3 Tissue contents 
Instead of analyzing the mineral content of the whole plant, specific parts of plants 
are usually more appropriate for the diagnosis of mineral disorders. For example, 
older plant parts better reflect the nutrient status of the phloem mobile elements, such as 
N, P and K; while young/growing parts are better for phloem immobile elements (e.g. 
9 3 
Ca, M n , B) (Smith and Loneragan, 1997). This study focused on the foliar contents. 
The youngest matured leaf often represents a suitable compromise for most elements 
f 
where specific guidelines are lacking; it has the advantage that interpretation can be 
made for a wide range of elements in a single plant part (Smith and Loneragan, 1997). 
Table 3.6 presents the foliar N contents of tree seedlings at harvest. Plants 
treated with W E N T leachate had higher foliar N contents than those with water 
irrigation alone when compared within species. In some species, such as Litsea 
glutinosea and Lophostemon confertus, the foliar N contents even doubled those of the 
controls. NHx-N in leachates was rapidly assimilated and incorporated into the 
vegetative tissue. Unlike soil N H x and NOs', which are susceptible to leaching loss, 
the N in biomass would become a part of the long term nutrient reserve of the 
ecosystem. It would be released in mineralization of litter and provide N for later 
plant growth. Even if leachate irrigation is terminated, newly invaded species would 
also benefit by the increased N reserve at the restored site. 
Chemistry of foliage tissue reflects the plant uptake of nutrients and pollutants. 
There is a concern that plant uptake of pollutants, which are originally immobilized in 
soil, would bring those pollutants back to the ecosystem and accumulate along the food 
chain. It has been demonstrated that the application of landfill leachate in general 
increased the foliar content of N (Gordon et al., 1989) as well as other elements such as 
M g and Ca (Hernandez et al., 1999). However, the foliar contents of metals in 
leachate-treated plants were not significantly different (P > 0.05) to the control group 
(Table 3.7). The two leachate contained only low concentration of heavy metals. 
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Table 3.6 Foliar N content, after 90-day irrigation with water and leachate from PPV 
and W E N T Landfills. 
Species Foliar N content (% w/w) 
Water PPV leachate W E N T leachate 
Acacia auriculiformis 1.53 士 0.22 b 2.07 士 0.22 b 2.82 士 0.49 a 
Casuarina equisetifolia 1.37 士 0.50 b 1.84 士 0.50 ab 2.06 ± 0.17 a 
Cehis sinensis 1.95 士 0.29 b 2.43 士 0.29 ab 2.68 ± 0.39 a 
Cinnamomum camphora 1.08 ±0.21 b 1.87 ±0.21 a 2.13 ±0.12 a 
Eucalyptus citriodora 0.84 ± 0.11 b 1.19 ± 0.11 ab 1.68 ± 0.31 a 
Hibiscus tiliaceus 1.40 ±0.26 b 2.10 ±0.26 a 2.12 ±0.24 a 
Liquidambar formosana 1.38 ±0.26 b 1.56 ±0.26 ab 2.15 ±0.09 a 
Litsea glutinosa 1.23 ± 0.17 b 2.28 ± 0.17 b 2.68 士 0.40 a 
Lophostemon confertus 0.91 ± 0.10 c 2.50 ±0.11 b 1.86 士 0.23 a 
Melaleuca quinquenervia 1.12 土 0.12 b 1.44 ±0.12 b 2.15 ±0.25 a 
Sapium discolor 1.69 士 0.20 b 2.49 士 0.20 a 2.69 士 0.27 a 
Scolopia chinensis 0.92 ±0.11 b 1.72 ±0.11 a 2.09 ± 0.26 a 
When compared within species, means followed by the same letters are not significantly 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3.2.4 Incorporating the results of germination tests in leachate irrigation practice 
This experiment examined the feasibility of extrapolating phytotoxicity data to 
f 
estimate the risk of leachate irrigation. It was hypothesized that if tree seedlings and 
germinating seeds were equally sensitive to landfill leachate, irrigating seedlings with 
leachate at the EC50 levels would result in 50% of growth inhibition (or deterioration 
in other health indices). The tree seedlings seem to be less vulnerable to the leachate 
applied as tree mortality or growth inhibition was not observed in the irrigation 
experiment. Deviation between the results of germination tests and the irrigation 
experiment on tree seedlings could be attributed to species differences, sensitivity 
variation between growth stages and the difference in the method of exposure. 
The trees selected for the irrigation experiment are pioneer species which have 
been commonly used in local enrichment planting (Lau and Fung, 1999). They have a 
good record of successful plantation in the local climate as they are tolerant to hostile 
soil conditions and have higher growth rate in response to nutrient addition (Corlett, 
1999). Despite species differences, plants are susceptible to salinity during emergence 
and are become more tolerant as they grow older (Mass, 1993). Germinating seeds in 
the phytotoxicity test might be more sensitive than the 1 - 2 year old tree seedlings. 
Furthermore, the volume of leachate supplied was in large excess of the water holding 
capacity of soil. The surplus moisture was allowed to drain freely from the bottom of 
the pots and therefore reduced the exposure time to leachate. Soil leaching also 
prevented the accumulation of salts to phytotoxic levels. 
1 0 0 
Tree seedlings receiving leachate application at the EC50 levels (determined by 
the germination tests) did not show any sign of detrimental effects. The plants can be 
f 
protected from growth inhibition when the leachate irrigation plan is designed in light 
of phytotoxicity data. It should be noted that EC50 level is only a conservative upper 
limit of leachate concentration to be applied. It does not imply that EC50 is the 
optimum application rate or the plants would be severely affected if the application rate 
exceeds this level. The nutrient requirement of plants in different seasons should also 
be considered in the leachate irrigation plan. Care should be taken to prevent 
excessive application of N, which can lead to problems of excessive vegetative growth 
and pollution. 
3.3.3 Soil 
3.3.3.1 Initial properties 
The loamy sand provided excellent drainage and aeration (Table 3.8). As the 
weathered granitic materials have not been subjected to plant growth previously, the 
soil organic carbon was very low (below the detection limit of 1% w/w). The lack of 
organic matter and clay did not allow nutrients to be retained. The soil material was 
acidic as bases such as Ca and M g were released upon weathering. The inherent 
nutrient reserve was also limited and the supply of macronutrient was inadequate. For 
horticultural applications, its overall quality could be improved by addition of fertilizer 
or soil ameliorants such as compost and sewage sludge. 
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Table 3.8 Properties of soil used for the leachate irrigation experiment. 
f 
PH 5.18 ±0.31 
Electrical conductivity (|liS cm"^) 76.8 ± 19.4 
Extractable NHx-N (mg kg]) 12.4 ± 1.26 
Extractable NOx-N (mg kg"') 53.9 土 5.15 
Extractable CI" (mg k g’ 11.6 土 2.22 
Total N (mg kg-i) 117 ±3.86 
Total P (mg kg-i) <5.00 
Organic C (%) < o . 2 0 
Texture 
Sand (%) 79.1 ±7.41 
Silt (%) 6.91 ±1.44 
Clay (%) 9.59 ±1.14 
Texture class Loamy sand 
Total metals(mg kg"^ ) 
Na 150 ±23.4 
K 223 ±82.0 
M g 193 ±69.6 
Ca 433 ±53.9 
Cd 4.98 士 0.09 
Cr 4.21 ±2.00 
Cu 6.29 ±1.30 
Fe 115 ±24.8 
Pb 98.4 ±15.3 
Zn 31.2 ±10.6 
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3.3.3.2 Soil reaction (pH) 
Perhaps the most outstanding characteristic of the soil solution is its reaction, that 
f 
IS, the soil pH. Microorganisms and higher plants respond markedly to soil reaction 
because it significantly influences the availability of most of the elements of 
importance to plants and soil microbes. Low pH has been associated with the release 
of soluble Al, which can inhibit root development (Marschner, 1991). Most of the 
landscape plants exhibit stress symptoms for pH below 3.0 (Rorison, 1973) as free acid 
is present. Low soil pH may also result in nutrient deficiency. Bases such as Ca, M g 
and K become more susceptible to leaching loss (Dobermann et al., 1995). P becomes 
unavailable to plant uptake as it complexes with Al, Fe and their compounds. The 
direct and secondary effects of acidic soil can result in a unflavorable soil-chemical 
regime on plants. 
The pH of soil before and after leachate irrigation is shown in Table 3.9. The 
soil used for this study was moderate to strongly acidic. Theoretically, N H x in 
alkaline leachate would result in an increase in soil pH. However, there was no 
change in the soil pH of all treatment groups. 
Chan et al. (1978) reported that the pH of the soil percolate rapidly rose from 
4.88 to 9.10 after infiltration with 4 bed volumes of landfill leachate. N H x and 
other base forming cations such as Ca〗. and Mg2+ in leachate led to the increase 
in the pH of soil and soil percolate. Compared with the lime-treated leachate 
used in the study of Chan et al (1978), the pH of leachates used in the present 
study was much lower (only 7.52 for PPV leachate and 7.96 for W E N T leachate). 
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Table 3.9 pH, electrical conductivity (EC) and chloride content in soil after 90-day 
irrigation with leachate from the PPV and W E N T Landfills. 
pH EC (|LiS cm-i)' Cr(mgkg-i) 
Pre-irrigation 5.18±0.31 76.8 ±19.4 11.6 士 2.22 
Post-irrigation 
Water 5.98 ±0.91 A 94.7 士 5.55 c 27.4 士 11.0 c* 
PPV leachate 5.39 土 0.37 A 823 土 48.0 b* 68.5 士 3.47 b* 
W E N T leachate 5.14 士 0.41 A 554 士 113 a* 167 士 8.39 a* 
Means followed with the same letters are not significantly different at P〉0.05 by Tukey's 
test. 
* Significant difference (P < 0.05) when compared with the initial value using 
Student's T-test. 
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The effect of alkaline leachate on soil pH could be counteracted by the exchangeable 
and the residual acidity of the soil, as well as the H+ ions produced in microbial 
nitrification. The enzymatic oxidation is presented very simply as follows (Brady, 
1990). 
Nitrosomonas: 
2NH4+ 2NONH2 — ^ H 0 N N 0 H ^ ^ 2 N 0 ； + 2H+ + energy 
Ammonium Hydroxylamine Hyponitnte Nitrite 
Nitrobacter: 
NO2" ~ ^ 而 3 — + energy 
Theoretically, 4 moles of hydrogen are produced for each mole of NHx-N oxidized by 
Nitrosomonas. Nitrification of NH4+ to NO3" can occur within a few weeks in 
agricultural soils. In field conditions, the net acidity contributed by fertilizer was 
about 0.08 kg H+ for each kg of NHx-N applied (equivalent to 1.12 mol H+ per mol of 
NHx-N) (Gasser, 1973). Deviation from the stoichiometry of the empirical reaction 
may be attributed to loss of NHx-N by leaching, volatilization and plant uptake. 
Plant uptake of NOs" releases bicarbonate ions (HCO3 ) to maintain the electrical 
neutrality at the root surface and at the same time counteracts the acidity produced in 
nitrification. However, the NOs" is very susceptible to leaching loss. Leaching, 
rather than root uptake of NO3", primarily determines the degree of acidification. It is 
anticipated that if leachate irrigation is continued, nitrification, together with the 
leaching ofNOx-N and base-forming cations, would further lower the soil pH. 
Lime application can help regulate the soil pH by neutralizing the acidity produced 
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in nitrification. Also Ca^^which came from the dissociation of lime can help mitigate 
the imbalanced S A R of leachate and therefore prevent the soil from structural 
deterioration. 
3.3.3.3 Nitrogen 
Of the various essential elements, N undoubtedly is the most studied one. N is 
usually a limiting element in unfertilized ecosystems. The amount of available N in 
soil is small, while the quantity withdrawn annually by plants is comparatively large. 
The soil used in this study was deficient in N (Landon, 1991). The total N content 
was only 117 m g kg"^  (Table 3.10), of which only 12.4 m g kg"^  of NHx-N and 53.9 m g 
kg-i of NOx-N was available for plant uptake. 
Since Acacia auriculiformis and Casuarina equisetifolia are N-fixing plants, soil 
planted with them was sampled and analyzed separately for those planted with 
non-N-fixing species. In the water treatments (controls), their seedlings led to 
significant elevation in the levels of soil TN, while significant increase in NHx-N 
content was only observed in soil planted with Casuarina equisetifolia (Table 3.10). 
Compared with N-fixation, leachate application had a much larger influence 
on the levels of soil nitrogen. There were marked increases in soil N content in 
leachate treatments (Table 3.10), suggesting that substantial amount of N in the leachate 
may be retained in the soil. The levels of T N and NHx-N increased by 4 times after 
treatment with diluted W E N T leachate. When compared within species, the soil T N 
content in W E N T leachate treatments was 2 to 3 times that of the control. Within 
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Table 3.10 Amount of total and extractable N contents in soil before and after 90-day 
irrigation with water and leachate from PPV and W E N T Landfills. 
Treatment NHx-N NOx-N Total N  
(mgkg-】） （mgkg-i) (mg kg'') 
Pre-irrigation 12.4± 1.26 53.9±5.15 117±3.86 
Post-irrigation 
Casuarina equisetifolia Water 15.1 ± 1.57 b * 48.9 ± 11,5 b 179 ± 11.5 b * 
PPV 17.6 ± 2.22 b* 180 ± 41.3 b* 224 ± 28.8 b * 
W E N T 46.7 士 28.5 a * 4 % 士 190 a* 501 士 65.6 a * 
Acacia auriculiformis Water 14.3 ± 1.39 a 38.2 ± 11.7 c 271 士 74.7 b * 
PPV i:3.5±l.lla M O ± 18.6 b 270± 37.2 b * 
W E N T 19.1 ±4.68 a* 399 ±49.5 a* 505 ±76.1 a * 
Non N-fixers Water 14.9 ± 3.93 b 34.9 ± 11.0b 157 ± 33.9 c 
PPV 14.6 ± 1.53 b 168 ± 23.1b* 267 ± 62.2 b * 
W E N T 60.0 ±15.2 a* 429 ± 196 a * 531 ±69.7 a * 
When compared within species, means followed by the same letters are not significantly 
different at P > 0.05 by Tukey's test. 
* Significant difference (P < 0.05) when compared with the initial value using 
Student's T-test. 
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leachate treatments, significant differences between N-fixers and non-N-fixing trees 
were not observed. The effect of N-fixation may be masked by the ample supply of N 
f 
from leachates. Moreover, the N-fixation activity may be inhibited by the excessive N 
or other constituents in leachate. 
Over a period of 90 days, application of PPV and W E N T leachates at their 
respective EC50 provided 473 and 331 kg N ha] of readily available NHx-N to the soil. 
This input can fulfill the annual N requirement of a tropical ecosystem (400 kg N ha'' 
y-i) (Bradshaw, 1983). If leachate is applied all year round, the dosage can be further 
reduced. The risks associated with leachate phytotoxicity can be further reduced 
without compromising the plant nutritional needs. 
The reducing condition in the landfill body is unfavorable to nitrification, resulting 
in low NOx-N in the two leachate samples (<1 m g L"^ ). However, the soil NOx-N 
content increased remarkably after irrigation for 90 days. When leachates were 
applied to the soil, the good aeration in the sandy loam soil provided a favorable 
condition for nitrification to proceed. A portion of NH4+ in leachate was transformed 
to NO3-. 
In energy terms, assimilation of NH4+ is more efficient than NO3", since NO3-
requires reduction to NH4+ before incorporation into the synthesis of amino acids. 
However, N H x is toxic to aquatic life. It is also phytotoxic when applied in excess. 
Nitrification helps reduce the harmful effects of the leachate applied, as NO3- is much 
less toxic to aquatic life when compared with NHx. 
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Transformation of NH4+ to NO3", however, m a y lead to another pollution problem. 
Unlike NH4+, anionic NO3- has a very low retention in soil (Brady, 1990; Rowell, 1996; 
f 
Snyder, 1996). It can be leached with the soil percolate and contaminate water bodies 
nearby. High levels of NO3" can cause eutrophication in open waters. NO3" 
pollution in groundwater can be even harmful to human as intake of NO3" in drinking 
water can lead to methemoglobinemia (Stevenson and Cole, 1999). 
The impact ofNOs" pollution is less serious in modem sanitary landfills since most 
of them are equipped with drainage and treatment systems to handle surplus moisture in 
the final soil cover. However, it has become a concern on some old landfills with 
limited control measures on run-off and soil percolate; or when the site of leachate 
application is not within the landfill area, for example, when landfill leachate is applied 
to nearby borrow areas during restoration. 
Besides proper run-off collection, the risk of NO3" pollution can be mitigated by 
determining the leachate application rate carefully to prevent excessive supply of N. 
Different soil and plant analytical methods have been suggested for determining the 
actual quantity of fertilizer necessary under specific field conditions (Bell, 1999). Soil 
in the field is sampled for chemical analysis. Pot trials which investigates the 
response of plants to different application rates of soil amendments can give 
information on the amount of N input required for optimal plant growth. Soil testing 
provides information on fertilizer requirements prior to planting, which ensures the 
rapid establishment of vegetation. 
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Plant tissue analysis, giving the N concentration in specific plant parts, can be used 
for fertilizer application decision-making. It helps determine the nutrient status of 
r 
plants and, if necessary, indicates the timing and quantity of fertilizer application. 
Recent innovation in plant analysis techniques have greatly reduced the amount of plant 
tissue to be harvested. Moreover, non-destructive methods such as leaf reflectance 
have been developed to reflect the nutrient status of plants (e.g. Waskom et al, 1997). 
Appropriate application of N should be based on optimal economic returns and 
minimum damage to the environment. The available N derived from leachate replaces 
equivalent amounts of fertilizers to be applied. 
3.3.3.4 Phosphorus 
P is another essential element influencing plant growth and production. Unlike N, 
this element is not supplied by biochemical fixation, but must come from other sources 
(such as mineralization of litter and fertilizer) to meet plant requirements. The P 
contents of natural soil materials are usually less than 1 mg kg'】 (Jim, 1996). 
The native P compounds are mostly highly insoluble, which are unavailable for 
plant uptake. Furthermore, when available forms of P are added, either by fertilizer 
application or waste effluent disposal, they are changed to unavailable complexes and 
become highly insoluble. It is generally known that when sewage effluent is disposed 
of by irrigation, the P in the effluent will be retained by soil through adsorption or 
precipitation after the formation of water insoluble compounds (Menzies et al., 1999). 
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The levels of total P in the soil were below the detection limit (< 5 m g P kg.】) 
before and after leachate application. Compared with domestic sewage, leachate only 
t 
provided a limited amount of P to soil-plant system. Although a major portion of P 
was applied in the form of readily available orthophosphate, it would be quickly 
depleted by plant uptake (in rapid vegetative growth in response to N supply), leaching 
and complexing with Al, Fe and their compounds in acid soils. 
The fixation of P through reactions in acid soil can be minimized by holding the 
soil pH between 6 and 7. However, P is still deficient in the long run. A tropical 
ecosystem requires a supply of 36 kg P ha」y"^  (Bradshaw, 1983). Supplement with 
inorganic P or P-rich soil amendments such as sewage sludge may be beneficial, before 
P becomes a limiting factor for plant growth. Landfill leachate supplemented with 
inorganic P significantly improved the growth of plants in leachate irrigation (Fu, 
2004). 
3.3.3.5 Conductivity 
Increases in soil salinity and sodicity are of special interest in arid and semi-arid 
environments with high evapotranspiration, where excessive salts in soil are not easily 
leached out. Only a few studies in the literature addressed the effects of leachate 
irrigation on soil salinity. The electrical conductivity of landfill leachate, which 
ranged 3 - 20 m S cm'' (samples collected in November 2001) (see Table 3.3), was 
much higher than that of high salinity water (0.75 - 2.25 m S cm'^) (Landon, 1991). 
Landfill leachate contains considerable amounts of dissolved salts and it has been 
demonstrated that irrigation with landfill leachate resulted in soil salination (Wong and 
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Leung, 1989; Hernandez et al., 1999). In the present study, although the soil did not 
become saline in all treatments, the significant increase in electrical conductivity of the 
soil extract (EC) after leachate application was dramatic (Table 3.9). 
Soil salination as a consequence of leachate disposal also implies exotoxicological 
effects on plants (McBride et al., 1989; Pastor et al., 1993) and soil organisms (Garcia 
and Hernandez, 1996). Soil salination has negative effects on microbial respiration, 
especially when Na+ and/or CI" are involved. Microbial activity and the cycling of 
nutrients may be inhibited. Furthermore, high soil salinity in newly restored sites may 
favor salt tolerant species and may alter the succession of the ecosystem. 
A graphic representation of the effects of salinity on crop yield is shown in Figure 
3.4. Soil is considered to be saline if the EC of its water extract exceeds 4 m S cm'^ 
(Landon, 1991). Sensitive crops begin to be affected above this level of salinity. 
They can be harmed by osmotic stress as well as the toxic effects of specific ions such 
as Na+, NH4+ and CI". Increased salinity in this study did not result in any observable 
detrimental effects. However, care should be taken to control the amount of salts in 
soil pore water, especially in field application of leachate. Salts may accumulate and 
eventually lead to vegetative damages unless they are leached away. The potential 
hazard may be exacerbated by drought, when salts accumulate in soil. 
Besides minimizing the salt input by a proper dilution rate of leachate, the impact 
of salts can be reduced if salts were eluted away from the rooting zone. Ayers and 
Westcot (1985) proposed the concept of a leaching requirement. It is the excess 
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Figure 3.4 Relationship between the relative crop yield and electrical conductivity of 
soil extracts. Taking ryegrass (which is denoted by segmented line) as an example, 
this moderately tolerant species has maximum (100%) yield when soil salinity is below 
7 m S crrfi. Yield decreases with increasing soil EC and ryegrass cannot grow in soil 
with salinity greater than 20 m S cm'^ (adapted from Mass, 1986). 
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amount of water, in addition to evapotranspiration, required to leach salts out of the 
rooting zone to maintain an acceptable salt content. The volume of irrigation can be 
calculated based on the evapotranspiration, salinity of the diluted leachate and the crop 
tolerance. 
If the leaching requirement exceeds the upper limit of water input to the final 
cover，alternating irrigation with diluted leachate and water, or only apply diluted 
leachate in rainy seasons (usually the growing seasons) can help to control the soil salt 
content. Bowman et al (2002) reported the feasibility of alternating irrigation with 
leachate and water on grasses {Cynodon dactylon and Pennisetum clandestinum) to 
mitigate the problem of soil salination. Leachate applied at 50% (one leachate 
irrigation followed by one watering) resulted in yield reduction, but the yield was better 
than the control (water only) treatment when the frequency of leachate application was 
reduced to 20%. The irrigation practice employed by Bowman et al. (2002) can be 
further improved with the consideration of the phytotoxicity of leachate, the N 
requirement and the leaching requirement of soil to avoid excessive application of N 
and salts. 
Compared with applying leachate continuously, alternating irrigation may be a 
better option. Keeping the N input rate unchanged, the two irrigation plans would add 
the same amount of salt to soil. However, the alternating irrigation plan can leach 
away the salts more efficiently. In other words, more salts can be leached out using 
smaller volumes of water. Thus, the hydraulic loading to the final soil cover can be 
reduced. It should be noted that although the application of excess water can mitigate 
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salination problems, plants would be severely impaired when the soil is water-logging 
with high salinity water, especially with leachate (Shrive and McBride, 1995). 
Excessive water should be drained out of rooting zone. Moreover, planting 
salt-tolerant species (e.g. Hisbicus tiliaceus which was tested in the present study) can 
lower the adverse impact to vegetation in episodic drought conditions due to hot dry 
weather or a breakdown of the irrigation system. 
3.3.3.6 Chloride 
The change in the soil CI" content has been seldom addressed in research on 
sewage irrigation. However, it becomes a concern in leachate irrigation because CI" is 
one of the prevalent anions in landfill leachate. The levels of CI" in soil were 
significantly increased after leachate application (Table 3.9). The soil CI" after W E N T 
leachate treatment was nearly ten times that of the initial level. 
Besides osmotic stress, CI" can exhibit specific ion toxicity to plants. Levels up 
to 10 meq L"^  (equivalent to 350 m g L"^ ) in the soil extract would be detrimental to 
woody plants. The effects may be worse with the use of sprinklers. CI" 
concentration in sprinkling water of 3 meq L"' (equivalent to 105 m g L"') caused leaf 
burnt (Landon, 1991). Each 10 m M increase in CI" in irrigation water reduced the 
foliage biomass of Salix viminalis by 3 % (Stephens et al., 2000). 
The levels of soil CI' in the two leachate treatments exceeded the threshold level 
described in Stephens et al (2000). However, no growth inhibition was observed in 
the present study. Leachate treatment added CI" as well as N to soil. Growth 
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promotion by nutrient supply might outweigh the inhibitory effect of CI". However, it 
should be noted that the potential hazard of CI" ions, as well as osmotic stress, may be 
t 
exacerbated when salts are left behind by evapotranspiration. 
As mentioned, CI" may be one of the major plant toxicants because of it high 
concentration in landfill leachate. Toxicity reduction by removing CI" from 
wastewater is difficult as it cannot be removed from wastewater by conventional 
physical and biological treatment technology. CI" has to be removed by reverse 
osmosis. However, a large scale operation is not economically practicable. 
The only way to control the detrimental effects of CY is diluting it to a 
concentration causing no adverse effects (the N O A E L , on the recipient plants or even 
lower). Also, it is necessary to prevent it from accumulating in soil and being 
concentrated in drought. Irrigation should be applied in excess of evapotranspiration 
to provide sufficient leaching. 
3.3.3.7 Metals 
Table 3.11 presents the total metal contents in soil before and after leachate 
treatments. Due to their potential phytotoxicity and food-chain effects, certain heavy 
metals (e.g. Cd, Pb and Zn) are of special interest. An increase in soil metal contents 
had been reported in some studies with leachate irrigation (Winant et al., 1981; Chan, 
1982; LaBauve, 1988; Hernandez et al., 1999). Since the leachates from local 
landfills contained only trace amount of heavy metals, it is no wonder that there was no 
significant change in the soil contents of heavy metals after leachate irrigation. 
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Table 3.11 Soil metal content before and after 90-day irrigation with water and leachate 
from PPV and W E N T Landfills. 
Metals Total content (mg kg]) 
Pre-irrigation Post irrigation 
Water PPV leachate W E N T leachate 
Na 150 士 23.4 184 士 42.7 208 士 20.1 179 ±46.9 
K 2230 ±820 3200 ±332 3410 ±571 3520 ±751 
Ca 433 ±53.9 349 ± 50.0 367 士 96.9 366 ±84.5 
M g 193 ±69.6 287 ±69.3 271 ± 52.8 257 ±42.4 
Cd 4.98 ±0.09 1.43 ±2.25 0.63 ±0.18 1.96 ±2.88 
Cr 4.21 ±2.00 2.63 ±0.84 5.08 ±2.14 9.41 ±9.68 
Cu 6.29 ± 1.30 6.60 ±1.14 8.19 ± 1.24 8.38 ± 1.90 
Fe 1150±248 1310±61.4 1310 ±90.8 1330±38.9 
Pb 98.4 ±15.3 101 ±20.0 110 ±13.5 106 ±20.4 
Zn 31.2 ± 10.6 38.5 ±5.54 45.8 ±7.68 37.7 ± 8.59 
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However, the levels of Na and K, which were present at high levels (1960 m g Na L"' 
and 1330 m g K L"' in W E N T leachate) in the leachates, were not significantly elevated 
in the leachate-treated soil. This may be attributed to the low C E C of soil, presence of 
competitive ions and removal by leaching. 
Retention of metals in soil can be accomplished by (but not limited to) cation 
exchange on clay particles. However, the decomposed granite used in this study had a 
poor holding capacity for exchangeable cations. The cation exchange capacity (CEC) 
of natural decomposed granitic soil ranged only from 8.5 _ 11.7 cmol kg"' (Jim, 1996). 
It can be further reduced with soil acidification as a consequence of nitrification. 
Exchange sites on soil particles might be saturated quickly at the beginning of leachate 
irrigation and thereby eliminating the capacity for accepting/retaining cations added in 
the subsequent irrigations. 
Moreover, other cations, such as ammonium (NH4+) and hydrogen (H+) ions, could 
compete with metal ions for the soil exchange sites. The cations were retained in 
order of AI3+ > Ca^^ > Mg2+ > K = NH4+ > Na+ (for major cations) (Chan et al., 1978; 
Chan, 1982; Brady, 1990) and Pb > Zn > Cd > Ni (some heavy metals) (LaBauve et al, 
1988). Although the exchange selectivity of NH4+ is not the highest among cations, 
the concentration of NH4+ in leachates was much higher than metals. The ratio of 
[NHx-N]:[Na] was approximately 1:1 in the W E N T leachate. However, the ratio of 
[NHx-N]:[Fe] in the W E N T leachate was up to 2000:1. When leachate was applied to 
soil, large amounts of NH4+ competed with other cations and occupied a considerable 
portion of the ion exchange sites. 
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Huge amounts of NH4+ were continuously applied with leachate irrigation. 
Metals with lower selectivity would be eventually replaced/exchanged and dissolved in 
t 
soil pore water. Since surplus moisture was allowed to drain freely, dissolved metals 
which could not be retained by cation exchange were eluted. It is anticipated that 
‘replacement, of base-forming cations such as Ca^^ and Mg2+ with NH4+ not only led to 
loss of plant nutrients but also exacerbated soil acidification. 
3.4 Conclusions 
Germination tests provided a conservative estimate of the toxicity level of leachate 
samples. With due consideration of the phytotoxicity, irrigation plan can be designed 
to safeguard plants from toxic effects while at the same time meeting the N demand for 
plant growth. 
Most of the leachate-irrigated plants were benefited by the ample supply of 
NHx-N. Plant species like Hibiscus tiliaceus and Litsea glutinosa were greatly 
stimulated in growth by leachate application. The vigorous plant development 
indicated that the inhibitory substances in soil were kept within the tolerance limits of 
tree seedlings. 
With proper dilution, leachate from sanitary landfills seems to be a good 
alternative source of N, especially when heavy metal contents were low. The levels of 
N and probably some macronutrients such as K seem to be sufficient, but the low 
concentration of P is still a concern. Addition of P fertilizers would be required in a 
long term perspective to compensate for plant requirements. 
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However, the risk of salt accumulation requires special attention. It should be 
noted that the problems associated with soil salination would be exacerbated by drought 
( 
conditions. To assure the sustainability of leachate irrigation, adequate water should 
be applied to fulfill the leaching requirement so as to prevent the accumulation of salts, 
and thus preventing sodicity from rising to unacceptable levels. 
Furthermore, there is a concern that leaching of base-forming cations, together 
with nitrification, results in soil acidification. Lime application not only mitigates the 
problems associate with acid soil, but also remedies the Na imbalance (high SAR) in 
the applied leachate. Leaching of excess N, especially NOx-N, may contaminate the 
water downstream. The rate of application should be carefully calibrated to meet the 
N demand without compromising the environment. 
1 2 0 
Chapter 4 Fate and distribution o f N after soil application of 
landfill leachate 
4.1 Introduction 
4.1.1 The needs of external N supply in ecological restoration 
Restoration of derelict lands by natural processes occurs slowly. It can take up 
to 100 years to achieve a satisfactory vegetative cover. However, when there is an 
urgent need such as soil stabilization, the natural processes have to be accelerated. A 
stable vegetative cover may need to be established within a few years. Experience has 
shown that N is commonly an important limiting factor in land remediation. It is the 
nutrient required in the greatest amount by living tissues. Adequate amounts of N 
must therefore be available in soils if plants are to grow properly. However, it does 
not come from soil minerals like other nutrients. It is accumulated in the soil surface, 
mostly by biological fixation and the return of biomass N through litter fall. 
A satisfactory self-sustaining vegetation cover in temperate regions requires a 
minimal reserve of 1000 kg N ha'】（Bradshaw, 1983). However, it is not always 
feasible to retain the original topsoil. On some degraded land, the organic matter, as 
well as the N stored with it, may be completely lost. No more than 100 - 200 kg N 
ha-i may be present at the beginning of revegetation. N deficiency may lead to poor 
growth and recession. Problems connected with degraded lands like soil erosion may 
reoccur. The required reserve of N has to be rebuilt as rapidly as possible. Even if 
the top soil is replaced, the original soil conditions cannot be restored. Anaerobic 
conditions in the stockpiled top soil generates high levels of NHx. Nitrification in the 
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aerobic zone of stockpiled top soil liberates large amount ofNOs", which is susceptible 
to leaching loss. Davies et al (1998) demonstrated that the soil N content fell to 
below 1% w/w in the first 18 months after replacement of stockpiled soil and leaching 
accounted for an N loss of 2800 kg N ha\ Supply of N from artificial sources is 
usually required. 
The previous chapters suggested the use of landfill leachate as an alternative to 
mineral fertilizers. The irrigation experiment has shown that phytotoxicity tests using 
germinating seeds provided a safe upper limit of the application rate. However, 
whether the application rate is optimal for the reconstruction of N capital depends on 
the ability of the ecosystem to take up and store the applied N in organic matter. 
Research on the excessive use of manure and mineral fertilizer has reported 
considerable detrimental effects. An ecosystem could adsorb N deposition of 730 kg 
N ha.i over a 20-year period without major change in soil N metabolism (Nilsson et al., 
1988). However, twice the amount of N induced nitrification, soil acidification and an 
increased level of aluminum in soil pore water. Moreover, the excess deposition of 
N H x has been identified as one of the principal causes of forest decline. 
4.1.2 Objectives of study 
A limited amount of research has focused on nutrient reuse for revegetation 
purposes since leachate irrigation technology has long been considered a wastewater 
treatment or disposal. Chapter 3 discussed the responses of plants and soil to the 
elevated N supply from leachate. This chapter evaluates the efficiency of N usage, 
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when the leachate application rate was determined solely based on toxicological 
information. 
Often an N budget, or a mass balance, approach is needed to understand the 
options to improve N management. It provides a valuable framework to quantify and 
examine the N input and loss in a soil-plant system. Two general approaches have 
been used in N balance studies. One uses a ^ N^-labelled input, from which a balance 
is calculated for the labelled '^N (Barraclough, 1995; Stevenson and Cole, 1999). It 
focuses on the fate of the labeled ^ ^N and can improve tracing sensitivity in fertilizer N 
balance work (Legg and Meisinger, 1982), but provides little information about the 
behaviour of the existing N in the system. Another approach involves a completed 
budget and documents the input and output of all forms of N, including the N 
incorporated into biomass. In the present study, the latter method was adopted with a 
soil column design to investigate the accumulation and distribution of the applied N in 
plant tissues and within soil profiles. 
It is hoped that a better understanding on the role and fate of leachate N in the 
soil-plant system can provide guidelines about the efficient use of leachate for 
revegetation purposes. Improved efficiency can be achieved by using less N or 
keeping the applied and residual N within the soil-plant system by limiting transport 
processes (leaching, runoff, soil erosion and volatilization). 
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4.2 Materials and methods 
A soil column experiment was conducted under greenhouse condition to 
investigate the distribution of leachate N. Four species that included commonly used 
trees {Hibiscus tiliaceus and Litsea glutinosa) and grasses (Paspalum notatum and 
Vetiveria zizanioides) were planted in P V C columns packed with a completely 
decomposed granite. Columns without vegetation were also included for comparison. 
Leachate samples from a local landfill were first evaluated for phytotoxicity using seed 
germination/root elongation tests. Soil columns were then irrigated with leachate 
diluted to the EC50 level. Plant growth and the composition of column percolate were 
monitored throughout the period of leachate irrigation. Mineral contents of biomass 
and soil were measured at harvest. The results were compared with treatments with 
the application of mineral fertilizer. 
4.2.1 Leachate 
Leachate from the W E N T Landfill was collected in late January, 2003. The 
samples were stored in air-tight 10-L P V C carboys and stored at Chemical 
analysis and phytotoxicity tests were conducted immediately using methods as 
described in Chapter 2. 
4.2.2 Soil column 
The soil columns consisted of P V C cylinders with 15 cm i.d. and 60 cm height 
attached to a P V C bottom sheet (Figure 4.1; Plate 4.1). A drainage tube was mounted 
at the bottom of each column to collect soil percolate to a 1 -L PE bottle. 
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Plate 4.1 Soil columns arranged in a randomized block layout in a greenhouse. The 
photo was taken prior to harvesting. 
Figure 4.1 (on page 125) Drawing showing the design of soil columns. All 
dimensions in m m unless otherwise specified. 
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4.2.3 Plant selection and establishment 
Tree species {Hibiscus tiliaceus and Litsea glutinosa) were chosen for this study 
f 
because of their good growth performance under leachate application in the previous 
experiment (Chapter 3). In addition, two grass species (Vetiveria zizanioides and 
Paspalum notatum were chosen to study the N budget of the soil-plant systems with 
different vegetative cover. 
The value of Vetiveria zizanioides is gaining recently, especially for soil 
stabilization. It is one of the ‘coarse perennial grasses' of the tribe Andropogoneae 
(World Bank, 1993). There are at least two known species of vetiver, Vetiveria 
zizanioides and Vetiveria nigratana. The planting of Vetiveria zizanioides is more 
common, owing to its lower potential of becoming a weed. It is a dense, clumping 
perennial grass of 1.5 m tall. It grows well in a broad range of soil pH (4 to 11) and 
soil with relatively high salinity (20 m S cm'^ with 50% yield reduction) (Troung, 1994). 
Field studies have shown that Vetiveria zizanioides can grow well in the local climate 
(Hill and Peart, 1999). 
The World Bank is actively promoting Vetiveria zizanioides as a soil and water 
conservation tool. The dense and deep root system significantly reduces soil and 
nutrient loss and improves soil moisture and ground water (World Bank, 1993). In 
India, Vetiveria zizanioides is widely used in the sugar cane fields as contour 
conservation hedges and for the stabilization of slopes, roadsides and embankments. 
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Recent research explored the uses of Vetiveria zizanioides in wastewater 
treatment and phytoremediation. Nutrient uptake by fast growing Vetiveria 
zizanioides can greatly reduce N and P from eutrophic pond water (Zheng et aL, 1997) 
and landfill leachate (Xia et al., 1999, 2000; Percy and Truong, 2003). Moreover, the 
high transpiration rate can reduce the volume of wastewater to be discharged. In this 
study, Vetiveria zizanioides was tested against leachate irrigation in a soil column 
experiment to evaluate its efficiency in controlling the leaching of nutrients and to 
compare it with another grass species (Paspalum notatum) which is commonly used in 
hydroseeding mixes. 
Treatment groups without plants were compared with those with vegetation. 
Columns without vegetation were packed with soil to a 60-cm depth. The soil was a 
decomposed granite (DG) collected from the borrow area of Lam Tei Quarry, Tuen 
Mim, which was passed through a 5-mm mesh sieve to remove large particles. 
Different methods, which are similar to those used in enrichment planting, were 
adopted to establish the plants in soil columns. 
Seedlings oi Hibiscus tiliaceus and Litsea glutinosa of about 30 cm height (about 
1 year-old) were purchased from government tree nurseries. Bulk soil was gently 
removed and the tree seedlings were transplanted into the columns. V^palum notatum 
was established by germination inthe soil columns. The columns were filled to the top 
(60 cm depth). Seeds (0.2 g, equivalent to 11 g m ’ were sown on the soil surface and 
covered with a thin layer of soil. Prior to seed germination, the top soil surface was 
covered with aluminum foil to conserve soil moisture. After germination, 
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Nitrophoska (N:P:K 15:15:15) was applied at the rate of 20 kg N ha"^  to facilitate early 
seedling growth. Vetiveria zizanioides, which does not produce seeds that germinate 
f 
under normal field conditions (Hopkinson, 2002), was established in the soil columns 
in accordance with the method of the National Research Council (1993). Clumps of 
Vetiveria zizanioides were obtained from a nursery and were divided into slips with 
about 5 tillers. Before transplanting, the leaf tops were cut off to 20 cm and the root 
base was trimmed to 10 cm to reduce transpiration during the initial growth. 
After establishment, all plants acclimated in greenhouse for not less than 1 month. 
Each column, including the columns without vegetation, received water irrigation at 12 
m m three times per week. Soil percolate was allowed to drain freely. Three columns 
of each species were selected randomly one day before the first leachate irrigation for 
the determination of initial biomass and N content. 
4.2.3 Leachate application 
The soil columns then received applications of artificial fertilizer or diluted 
leachate. The N-P-K fertilizer Nitrophoska (15:15:15) was distributed on the soil 
surface at a rate of 200 kg N ha"^  after acclimation. Columns destined for leachate 
treatment received leachate irrigation at the EC50 level determined by the phytotoxicity 
tests. Treatment group without leachate and fertilizer were included for comparison. 
Each column in the leachate treatment received 12 m m of diluted leachate 3 times a 
week while the same amount of tap water was applied to the columns of the fertilizer 
treatment and the control. Each treatment had four replicates arranged in randomized 
blocks in a greenhouse. Pesticide and fungicide were applied only when necessary. 
1 2 9 
Irrigation lasted for 12 weeks. Soil percolate collected was stored at 4'C, after volume 
determination by the gravimetric method. Percolates collected each week were pooled 
for chemical analysis, using the methods described in Chapter 2. 
4.2.4 Post irrigation harvesting and analysis 
After harvesting the aboveground biomass, the columns were perforated at levels 
of 10, 20, 40 and 60 cm measured from the top of column to collect the soil samples at 
different depths. Soil oxidation-reduction potential (ORP) was measured in-situ by 
inserting a combined O R P electrode (Orion 9678BN, Orion Research Inc., Boston, 
U S A ) into the moistened soil. Soil samples were air-dried and analyzed chemically, 
following the methods described in Chapter 3. The underground biomass in the 
columns were harvested after the collection of soil samples. 
4.3 Results and discussion 
4.3.1 Leachate 
The high strength leachate from the W E N T Landfill was chosen for this 
experiment. Its strength was higher than the samples collected for the previous 
experiments (Table 4.1), possibly because of the lower rainfall in dry seasons. It was 
characterized by high levels of C O D and NHx, while the concentrations of heavy 
metals were relatively low compared to those reported in the literature (e.g. 
Tchobanoglous et al., 1993). With a NHx-N content of 5070 m g N L'', each nr] of 
raw leachate used in this study could provide 5 kg of N, which was readily available for 
plant uptake. 
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Table 4.1 Properties of leachate sample used in the soil column experiment. 
Parameters Mean 士 SD 
pH 8.23 
Electrical conductivity 57.8 
C O D 7500 士 90.9 
T O C 1770 ±18.5 
Total Kjeldahl nitrogen (TKN) 5990 土 62.9 
Ammoniacal nitrogen (NHx-N) 5070 ± 291 
Oxidized nitrogen (NOx-N) < 1.00 
Total phosphorus (TP) 22.6 士 1.89 
or//7ophosphate phosphorus (P04^"-P) 15.4 ±0.21 
Chloride (CI") 5460 + 61.5 
Total metals 
Sodium (Na) 2550 ±31.0 
Potassium (K) 1740 士 20.0 
Calcium (Ca) 19.7 ±0.17 
Magnesium (Mg) 15.7 ±2.21 
Cadmium (Cd) < 0.001 
Chromium (Cr) < 0.001 
Copper (Cu) <0.001 
Iron (Fe) 4.56 士 1.89 
Manganese (Mn) < 0.001 
Lead (Pb) <0.001 
Zinc (Zn) 1.85 ±0.29 




Figure 4.2 presents the percentage change in biomass after treatment with 
leachate and fertilizer. Compared with the control group with water irrigation only, 
the trees exhibited better growth both in the leachate and fertilizer treatments. Trees 
receiving leachate and fertilizer at least tripled their aboveground biomass in 12 weeks. 
They were taller, with larger leaf number of larger foliage area (Plates 4.2 and 4.3). 
The findings were consistent with the previous experiment (Chapter 3). 
Although the amount of N applied by leachate (1920 kg N ha"') was nearly 10 
times that in the fertilizer treatment, the biomass gains in leachate treatments were not 
significantly greater. This may be attributed to nutrient saturation and the effects of 
inhibitory factors. The N application rate of 200 kg N ha"' in the fertilizer treatment 
can theoretically support the annual growth of a temperate ecosystem (Bradshaw, 1983). 
The amount of available N in the soil column was no longer limiting in a given weather 
condition and water supply. The growth did not increase by increased supply. 
Moreover, some inhibitory constituents in leachate, such as excessive amount of NHx, 
cr and Na+, might weigh out a part of the beneficial effects of leachate. The growth 
performance of trees in the leachate treatment suggested that, although the EC50 of 
germination tests provided a safe upper limit of the application rate, a lower application 
rate should be considered when plant nutrient requirements are fulfilled. 
The aboveground and underground biomass gains of Paspalum notatum were 
1213% and 1720%, respectively, which were the highest among the 4 species. 
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Figure 4.2 Plant growth in biomass after 12-week treatment with water only (W), 
fertilizer with water irrigation (F) and leachate (L). When compared within species’’ 
bars followed by the same letters are not significantly different at P > 0.05 by Tukey's 
test. 
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Plate 4.2 Hibiscus tiliaceus after receiving water irrigation, fertilizer with water 
irrigation and leachate application for 12 weeks. 
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Plate 4.3 Litsea glutinosa after receiving water irrigation, fertilizer with water irrigation 
and leachate application for 12 weeks. 
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Plate 4.4 Vetiveria zizanioides after receiving water irrigation, fertilizer with water 
irrigation and leachate application for 12 weeks. 




Plate 4.5 Paspalum notatum after receiving water irrigation, fertilizer with water 
irrigation and leachate application for 12 weeks. 
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However, the biomass gain of Paspalum notatum in the leachate treatment was the 
lowest among the species. The biomass change of 120% did not differ significantly 
from that of the water treatment, indicating that Paspalum notatum was not benefited 
by leachate irrigation. Moreover, since the week of leachate application, stunted 
growth and narrow leaves with yellow or brown leaf tips were observed in Paspalum 
notatum in the leachate treatment, possibly because of salt deposition on the foliage 
(Plate 4.6). Applying leachate on the soil surface can prevent contact of leachate with 
the foliage on trees and tall grasses. However, for Paspalum notatum seedlings of a 
few centimeters in height, some tillers were temporarily submerged in leachate during 
irrigation. Subsequent evaporation of moisture leaded to high salt concentration on 
leaves and damage to foliage tissue. It seems that leachate applied by overland flow 
or spray irrigation is not desirable for the early growth of grass seedlings. Subsurface 
application may be a better alternative. 
The stress symptoms of Paspalum notatum also suggested that, although 
germination tests using Brassica chinensis and Lolium perenne have been used in the 
bioassay of many environmental samples, they might not be the most suitable surrogate 
plants for the determination of leachate application rate. Germination tests, using the 
seeds of recipient plant species, may better reflect their sensitivity to leachate. 
4.3.2.2 Tissue N contents 
All plants in the leachate treatments had N contents higher than their respective 
control (Table 4.2). This finding was consistent with the finding in the previous 
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Table 4.2 Tissue N content, before and after 12 weeks of receiving application of 
diluted leachate and fertilizer. 
Species Treatment Tissue N content (% w/w) 
Aboveground Underground 
Hibiscus tiliaceus Initial 1.19 士 0.52 0.85 士 0.37 
Water 1.20 土 0.34 b 0.90 士 0.26 b 
Fertilizer 2.20 土 0.71 b 1.63 士 0.50 b* 
Leachate 5.00 土 0.50 a* 3.45 土 0.36 a* 
Litsea glutinosa Initial 2.11 ±0.09 1.62 ± 0.05 
Water 2.10 ± 0.20 c 1.55 ± 0.18 c 
Fertilizer 3.17 士 0.32 b* 2.14 土 0.22 b* 
Leachate 4.90 ±0.58 a* 3.51 土 0.38 a* 
Paspalum notatum Initial 1.87 ±0.13 1.33 ± 0.05 
Water 1.93 士 0.36 b 1.44 ± 0.19 b 
Fertilizer 1.76 ±0.03 b 1.31 土 0.12 b 
Leachate 3.90 士 0.48 a* 2.75 土 0.29 a* 
Vetiveria zizanioides Initial 1.16±0.36 0.91 ±0.31 
Water 0.79 士 0.06 b 0.63 ± 0.12 b 
Fertilizer 1.68 ±0.32 a 1.25 士 0.31 ab 
Leachate 1.90 土 0.62 a 1.34 士 0.44 a 
When compared within a species, values in a column with the same letter do not differ 
significantly at P > 0.05 by Tukey's test. 
* Significantly different (P < 0.05) from the initial level by Student's t-test. 
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Plate 4.6 Paspalum notatum after receiving irrigation of diluted leachate for 30 days. 
Stunted growth, yellow or brown leaf tips were observed. 
^ ^ ^ ^ ^ o p ' 3 1 . � 
Plate 4.7 Paspalum notatum after receiving water irrigation for 30 days. 
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Experiment (Chapter 3). However, for plants receiving fertilizer application, Hibiscus 
titiaceus and Paspalum notatum did not exhibit elevation in their tissue N content, 
f 
which can be attributed to the dilution by growth. The amount of N applied with 
fertilizer was limited. A transient increase in the available N in soil promoted plant 
growth in the first few weeks. However, soil N was gradually depleted by plant 
uptake and, more importantly, was lost by leaching loss. The levels of available N C V 
and N H x declined to a level equal or even lower than the initial soil N contents. With 
the scarcity of available N in soil, N in older leaves would be translocated to growing 
parts to support their growth and diluted the tissue content in the whole plant (Tamm, 
1991; Smith and Loneragan, 1997). In contrast, the amount of N H x in the leachate 
treatment was kept to in excess because of continuous addition of leachate N. 
Re-translocation of N within the plant might not be necessary. 
Plants play an important role in the accumulation of soil N during ecological 
succession. The N originated from symbiotic N fixation and atmospheric deposition 
was taken up and stored in biomass. It is then returned to the soil N capital with litter 
fall (Rowell, 1996). The process is accelerated when there is more biomass formed 
with higher N content, in each growing season. 
4.3.3 Soil and soil percolate 
4.3.3.1 Percolate volume and soil moisture 
Water input was a controlled variable in this study. Each soil column received 
on identical amount (24 x 3 m m ) of tap water or diluted leachate each week. However, 
the amount of column percolate produced (Figure 4.3) varied with the treatment groups 
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Figure 4.3 Temporal variation in the volume of column percolates, during 12 week 
irrigation with water (•), water with fertilizer application (•) and diluted leachate (•). 
Error bars show the standard deviation (only the upper bar is shown) of 4 replicates. 
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and the types of vegetative cover which affected the evapotranspiration from the 
soil-plant systems. In the columns without vegetation, the percolate volume changed 
r 
within a narrow range of 45 - 60 m m week"'. Treatments with leachate and fertilizer 
did not lead to a significant difference in percolate volume. On this basis, about 20 -
40% of applied water was lost by evaporation, equivalent to 1.57 - 3.13 m m day''. 
This soil evaporation rate was slightly lower than the ambient values at the same period 
in Hong Kong (Figure 4.4). This can be attributed to the higher humidity in the 
greenhouse and good drainage of the growth media. The sandy loam drained water to 
lower horizons rapidly and reduced evaporation from the soil surface. 
The decrease in the ambient solar radiation and evaporation during the and 
week (Figure 4.4) resulted in higher percolate volume collected in.the f^ week. A 
transient increase in the percolate volume was also observed in all columns regardless 
of treatment and vegetation. Columns with vegetation in general produced smaller 
amounts of percolate. The percolate volume gradually decreased with time because of 
the increased uptake as plants grew. When compared within plant species, columns 
receiving fertilizer produced the least amount of percolate. The two herbaceous 
species were much more effective in reducing the percolate volume in the fertilizer 
treatment as no column percolate was produced from the 10出 week onwards. 
Although leachate application promoted plant growth, only the leachate treatments in 
Hibiscus tiliaceus and Litsea glutinosa produced smaller volume of column percolate 
compared with the control. The percolate volume generated by the leachate-treated 
Paspalum notatum and Vetiveria zizanioides was slightly higher than the control 
throughout the experiment. 
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Figure 4.4 Air temperature, evaporation and solar radiation in Hong Kong during the 
experimental period. The time axis is the number of weeks counted from the first 
leachate application (data from Hong Kong Observatory, 2003c). 
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Research shows water depletion by increased N application (Ottman and Pope, 
2000), through its influence on the amount and duration of crop growth. However, 
research has not been conclusive about the effect of leachate application on plant 
transpiration. At least two interacting factors determine the transpiration rate of 
leachate-treated plants. An increase in the total leaf area, in response to the nutrient 
supply, led to a higher transpiration rate (Ettala, 1987). Moreover, factors affecting 
stomatal opening also affect evapotranspiration rate per unit leaf area. In dry seasons, 
application with diluted or low strength leachate can relieve the water stress and thus 
increase the stomatal conductance for water vapor (Liang et al., 1999). On the other 
hand, leachate-treated plants may suffer from osmotic stress as a result of increased soil 
salt content. Sensitive species may exhibit a reduction in stomatal conductance 
(Cureton et al., 1991; Stephens et al., 2000). The total evapotranspiration rate from 
the whole plant is suppressed even when foliage area increased. 
Change in the volume of soil percolate can affect the movement of ions as well 
as their concentrations in soil. In leachate irrigated sites, increased transpiration can 
improve the stability of cover soil by reducing the hydraulic loading. However, 
excessive transpiration may slow down leaching, resulting in salt accumulation in the 
soil. If this happens, alternating with water irrigation may be required. 
4.3.3.2 pH 
Unlike other studies on leachate irrigation, a decrease in the soil pH was 
observed in this experiment. When compared within the vegetation type, columns 
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receiving leachate had the lowest soil pH. The extent of this decrease varied with the 
types of vegetative cover. However, vertical variation in soil pH and a noticeable 
change in the pH of percolate were not observed in all treatment groups, possibly 
because of the buffer of residual acidity of soil. 
Nitrification is an acidifying process, which liberate H+. The final change in 
soil pH also depend on plant uptake and leaching of the NOs" originating from 
nitrification. When NOs" is formed and is rapidly taken up by roots and reduced to 
NH4+, HCO" ion would be released to balance the electrical neutrality between cell 
membranes. There is no net change in soil acidity as the HCO" neutralized the H+ 
produced in nitrification. However, the two processes may be decoupled. If NO3" 
uptake lags behind nitrification, as would be the case in N saturation, soil may be 
acidified (Tamm, 1991). Acidification becomes more persistent as the NO3- is leached 
and is not longer available for root uptake. The effect of plant uptake of NO3" on soil 
acidification can be observed when comparing the change in soil pH and the total 
amount of NOx-N in column percolates (Table 4.5, in Section 4.3.4.2). 
The soil for packing the columns was slightly acidic initially, with a pH of 5.92 ± 
0.44 (Figure 4.5). In the columns without vegetative cover, there was no plant uptake 
to counteract the acidification of nitrification. Leaching loss of NO3" in the leachate 
treatment was 199 kg N ha'^ and the pH dropped to 4.28 士 0.19. Similarly, leaching 
of 225 kg N ha—i in the leachate treatment of Paspalum notatum resulted in a final soil 
pH of 3.87 士 0.12. In contrast, soil planted with Vetiveria zizanioides had a lower 
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Figure 4.5 Soil pH at different depths, after 12-week irrigation with water (•), water 
with fertilizer application (•) and diluted leachate (•). Broken lines indicate the 
initial pH level. Error bars show the standard deviation (only the upper bar is shown) 
of 4 replicates. 
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leaching loss of NO3" (90.4 土 21.4 kg N ha.】），as root uptake neutralized a part of the 
acidity originated from nitrification. The leachate treatment of vetiver grass only 
exhibited a slight decrease in soil pH to 5.64 土 0.28. The order of change in pH in the 
leachate treatment was Paspalum notatum = without vegetation > Hibiscus tiliaceus > 
Litsea glutinosa > Vetiveria zizanioides, which was consistent with the order of 
leaching loss of NO3- (Table 4.5). 
4.3.3.3 Electrical conductivity 
Electrical conductivity (EC) not only reflects the salt content in soils; but also 
indicates the front of ion movement. Increase in soil salintiy is one of the 
environmental concerns in leachate irrigation. The previous chapter has discussed the 
cumulative effects of leachate irrigation on the soil EC and the use of leaching 
requirement to control the levels of salts (Chapter 3). This section focuses on the 
effects of different treatments and vegetative cover on the EC of soils and percolates 
(Figures 4.6 and 4.7). 
The electrical conductivity of tap water ranged between 36 - 300 [xS cm'', with 
an average of 150 |aS cm"^ (WSD, 2004). With the initial soil EC of only 32.0 ± 1.41 
i^S cm\ the granitic soil did not add much salt to the percolate. In the water (control) 
treatments, the EC of percolates fluctuated within a narrow range of 187 - 323 juS cm'' 
(Figure 4.6). Differences between vegetation types were not observed. 
Since the week, the percolate EC of the leachate treatments began to increase at 
the rate of 209 - 346 |liS cm"^ per week (equivalent to 134 - 221 m g L」 T D S ) . 
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Figure 4.6 Temporal variation in the electrical conductivity of soil percolate, during 
12-week irrigation with water (•), water with fertilizer application (•) and diluted 
leachate (•). Error bars show the standard deviation (only the upper bar is shown) of 
4 replicates. There was no EC reading in the fertilizer treatment of Paspalum notatum 
and Vetiveria zizanioides, after the 9出 and weeks, since the volume of percolate was 
too small for the measurement. 
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The trend continued to the end of the experiment. The order of increment was 
咖veria zizanioides » Hibiscus tiliaceus > Litsea glutinosa > Paspalum notatum = 
t 
without vegetation. The differences can be attributed to transpiration which reduced 
the volume of percolate and thus produced percolates of higher ion concentration. 
In the fertilizer treatment without vegetation, the E C of the percolate also 
increased slightly since the week, indicating the leaching of salts such as N C V P04^", 
Cr, K+ and NH4+. The percolate EC came to a plateau at 600 |iS cm"' and gradually 
decreased to the baseline value of about 300 juS cm\ Similar trends were observed in 
the columns with plants, with the exception of vetiver grass. In the columns with 
vetiver grass, the leaching loss was limited by the rapid uptake of water and nutrients. 
The percolate EC was lower than in the fertilizer treatment with other plant species, 
which remained steady at about 350 jiiS cm] until no column percolate was collected 
since the week. 
When compared within species, the soil EC of the leachate treatment was the 
highest (Figure 4.7). In the columns without vegetation, the soil EC of the leachate 
treatment increased by 7 times, reaching 2550 |liS cm] in the 12出 week. High 
transpiration rate in vetiver grass led to the increase in percolate EC. The soil EC of 
vetiver grass with leachate irrigation was found to be the highest among the vegetation 
types. Fortunately, the soil EC was far below the threshold level of vetiver (8 m S cm"') 
(Truong, 1994). The watering rate was high enough to keep the soil CI" at a safe level. 
However, the leaching requirement of areas planted with vetiver grass may not be met, 
owing to high transpiration rates. Special attention should be paid to the change in 
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Figure 4.7 Levels of the electrical conductivity of soil extract at different soil depths, 
after 12-week irrigation with water (•), water with fertilizer application (•) and 
diluted leachate (•). Broken lines indicate the initial EC level. Error bars show the 
standard deviation (only the upper bar is shown) of 4 replicates. 
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soil salinity (as well as the level of CI") in dry seasons. Trimming vetiver grass at 
regular intervals to control evapotranspiration may be required. The amount of 
f 
leaching seems to be adequate to keep the soil E C in a reasonable range. Owing to the 
low salt contents in the soil and irrigation water, there was no net change in the soil salt 
content in the corresponding treatments after 12 weeks of irrigation. 
The addition of fertilizer only led to a slight increase in soil E C (Figure 4.7). 
The soil E C in the fertilizer treatments did not exceed 100 juS cm"' most of the time. 
The soil E C of columns planted with Hibiscus tiliaceus and Litsea glutinosa was higher 
than those without vegetation, which can be attributed to the reduced leaching loss in 
the vegetated columns. 
On the other hand, plant uptake could reduce soil salt contents. For example, 
the rapid growth of Paspalum notatum and Vetiveria zizanioides in the fertilizer 
treatment increased their demand for mineral nutrients in soil. When the nutrient ions 
applied with fertilizer were lost in plant uptake and leaching, the soil EC of two 
treatment groups declined to the baseline level. 
4.3.3.4 Nitrate 
NO3- is the primary form of N leaching from soil (Rowell, 1996; Snyder, 1996). 
It is a negatively charged ion that is repelled, rather than attracted, to the cation 
exchange sites on clay particles. NO3" is completely soluble at any concentration 
found in soil and can move readily with percolating water. Owing to the low retention 
of NO3- in soil, the initial level of NOx-N in soil was as low as 5.90 士 1.98 m g kg''. 
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Irrigation water with an average NOx-N concentration of 7.4 mg L "' (WSD, 2004) did 
not increase the level of soil NO3", but removed it by leaching. In the control, the 
level of NO3- in percolate was kept at a low level of < 5 mg L'', sometimes below 0.2 
m g L-i (Figure 4.8). 
Application of fertilizer led to a transient increase in soil NO3-. However, 
without vegetation, leaching loss of NOs" was observed since the week, peaked at 
45.3 m g L" in the 5 week and gradually decreased as soil NO3 was depleted (Figure 
4.8). Plant uptake reduced NO3' leaching in the fertilizer treatment. In columns 
planted with Vetiveria zizanioides, the peak NO3" concentration in percolate was only 
15 mg L"', which was one-third of that measured in the columns without vegetation. 
Prolonged leaching loss, together with plant uptake, depleted the NO3" applied with 
fertilizer, or even the existing N reserve in the soil. The soil NO3" content of the 
fertilizer treatment was lower than that of the initial level (Figure 4.9), regardless of the 
vegetation type. 
Raw leachate contained small amounts of NOx-N (< 0.2 mg L"'). However, soil 
irrigated with diluted leachate exhibited drastic increases in the levels of NO3" (Figure 
4.9), which can be attributed to the nitrification of NHx. After leachate irrigation, the 
amount of NOx-N in the soil was over 10 times the initial level. There were no 
significant differences in the NO3" contents among soils planted with different plant 
species. Plant uptake would have a small influence on the residual NO3- when the 
available N was in large excess to the nutrient requirement. 
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Figure 4.8 Temporal variation in the level of NOx-N in soil percolates, during 12-week 
irrigation with water (•), water with fertilizer application (•) and diluted leachate (•). 
Error bars show the standard deviation (only the upper bar is shown) of 4 replicates. 
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Figure 4.9 Levels of NOx-N in soil at different depths, after 12-week irrigation with 
water (•), water with fertilizer application (•) and diluted leachate (•). Broken lines 
indicate the initial NOx-N level. Error bars show the standard deviation (only the 
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Compared with the fertilizer treatment, the onset of NO3- leaching from the 
leachate-treated columns was delayed by 1 - 2 weeks, depending on the type of 
vegetative cover (Figure 4.8). The lag time may be attributed to the time required for 
nitrification and the proliferation of the nitrifier community. Nitrifiers are favoured by 
good soil aeration and ample supply of N H x and organic carbon. The rate of 
nitrification increased to a detectable level since the week and reached a plateau at 
about 60 m g N L''. The rate limiting factor was not known. The concurrent increase 
in percolate NHx-N concentration suggested the inhibition of nitrification by the 
increasing amount of free NH3 in soil moisture (Stevenson and Cole, 1999). 
Low residual NO3" in soil suggested a drawback of fertilizer over leachate. 
Fertilizer is readily available in most areas. Application is possible in almost all 
situations and practitioners need not worry about the phytotoxic effects of artificial 
fertilizer. However, it is impossible to provide the annual nutrient requirement in a 
single dose on newly restored sites. In the absence of established vegetation, a large 
proportion of the mineral N is lost by leaching. A large dose of N, say 200 kg N ha"' 
in this study, might promote plant growth initially. However, when the available N is 
depleted by leaching and plant uptake, the vegetation may suffer from N deficiency 
eventually. Bradshaw (2002) suggested an application rate of 50 kg N ha'' each time 
to reduce the leaching loss. However, repeated applications have to be made each 
year with an allowance for leaching losses. 
In contrast, leachate irrigation provided a stable supply of N in a readily available 
form. It can be applied with irrigation water. The concentration of leachate can be 
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adjusted according to the nutrient requirement of plants and at the same time prevent 
substantial leaching loss. 
4.3.3.5 Ammonium 
Ammonicial nitrogen (NHx-N) contributed over 84% of the total Kjeldahl 
nitrogen (TKN) in the leachate samples. Therefore, the fate and distribution of the 
N H x after leachate application are of special interest. The interaction of N H x with the 
soil-plant system is more complicated than the abovementioned anions. Firstly, 
considerable amounts are assimilated by soil microorganisms. Secondly, higher plants 
are able to use NHx; young plants are especially capable in this respect. Cationic 
NH4+ is capable of exchange with the C E C of soil, or of being fixed within clay lattices. 
It is susceptible to microbial transformation and volatilization. Such losses are 
significant when large quantities of N H x are added to the soil. When the needs of 
plants are temporarily satisfied, the remaining N H x may be readily oxidized in the 
nitrification process. Any NH4+ ions left in the soil solution may leave the soil with 
percolating water, but this is seldom an important pathway in natural ecosystems. 
In the fertilizer and the control treatments, the percolate NHx-N remained at a 
low level of < 1 m g L'^  (Figure 4.10). Only the columns in the leachate treatment 
showed elevated NHx-N concentration in the percolate, possibly because of the high N 
application rate. The percolate NHx-N concentration began to rise since the week, 
after receiving percolation with 1.67 pore volumes of diluted leachate. Compared 
with NO3- concentration, the onset of N H x leaching was delayed for about 3 weeks 
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Figure 4.10 Temporal variation in the level of NHx-N in soil percolates, during 
12-week irrigation with water (•), water with fertilizer application (•) and diluted 
leachate (•). Error bars show the standard deviation (only the upper bar is shown) of 
4 replicates. 
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(0.63 pore volumes). The delay can be attributed to cation exchange, NH4+ fixation, 
nitrification and NH3 volatilization. 
f 
It has long been known that many soils are capable of retaining considerable 
amounts of NH4+ in non-exchangeable forms. An average of 10% of the N in mineral 
soils was assumed to occur as clay-fixed NH4+ (Rowell, 1996; Stevenson and Cole, 
1999). Fixation is the result of substitution of NH4+ for interlayer cations (Na+, Ca〗. 
and Mg2+) within the lattice of clay minerals. NH4+ ions with diameters of about 2.8 
n m are capable of fitting into the voids between lattice and thereby becoming trapped, 
or fixed as an integral part of the lattice structure. When occupied by a cation, the 
lattice layers contract and are bound together electostatistically, thereby preventing the 
entrance of cations with diameters greater than 2.8 nm, such as Na+, Ca〗. and Mg2+. 
NH4+ fixation, cation exchange and volatilization reduced the amount of mobile N H x in 
soil. The capacity was saturated eventually by ample supply of N H x from leachate, 
leading to an increase in the N H x in soil pore water. Moreover, as the nitrification 
activity increased in response to the elevated concentration of NHx, considerable 
amounts of N H x were transformed and leached in the form of NO3-. NH4+ fixation, 
volatilization and cation exchange, together with the uptake by plant and nitrifying 
bacteria reduced the amount of mobile N H x in soil pore water. Leaching of N H x was 
kept to a minimal in the first few weeks. The capacity was saturated eventually by 
ample supply of N H x from leachate, and surplus N H x leached out in the soil percolate. 
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Vegetative cover had a profound effect on the amount of N H x in the percolate. 
When compared with the leachate treatments of different plant species, columns 
planted with Hibiscus tiliaceus，Litsea glutinosa and Vetiveria zizanioides had percolate 
NHx-N concentrations below 10 m g L'^  throughout the course of leachate irrigation. 
In contrast, in the column planted with Paspalum notatum, the concentration of 
percolate NHx-N was similar to that from the columns without vegetation, possibly 
because of the suboptimal growth of Paspalum notatum in the leachate treatment. 
Uptake of N H x for vegetative growth not only limited the amount of N H x 
leaving the soil-plant system, but also affected the amount of residual N H x in soil 
(Figure 4.11). Leachate treatment led to a remarkable increase in the soil NHx, except 
in columns with Vetiveria zizanioides, where the soil NHx-N content was below 20 m g 
kg-i. The fine, massive root system of Vetiveria zizanioides might have facilitated the 
uptake and volatilization of NH3 from soil. Similarly, soil planted with Hibiscus 
tiliaceus and Litsea glutinosa also had increased soil N H x after leachate application, 
but the N H x content was only two-thirds of that in the columns without vegetation. 
In addition, vertical variation in soil N H x was observed in the leachate treatments 
(Figure 4.11). The highest level of soil N H x was found at the 40 cm depth. The 
movement of N H x in soil is limited due to retention by exchange sites, NH4+ fixation 
by clay and root uptake. The depth of N H x movement can vary with soil type, the 
volume of precipitation, N application rate and the presence of vegetative cover. It is 
generally believed that clayey soil with a high C E C under low precipitation conditions 
1 5 8 
NHX-N (mg k g ’ NHx-N (mg kg I) 
0 20 40 60 80 100 0 20 40 60 80 100 
〇 r I r- 1 1 1 0 1 1 1 1 1 
Hibiscus tiliaceus Litsea glutinosa 
10 ^IH 10 • ^ 
I 20 - 20 jl L 
• 3。 \ 3。 \ 
4 0 - 1 ； \ 1 40 - i ； \ - H 
50 - ： / 50 - ： / 
60 L 1 1 60 L I d—i 
0 20 40 60 80 100 0 20 40 60 80 100 
0 1 1 1 1 1 0 I I 1 1 1 
Paspalum notatum Vetiveria zizanioides 
10 1 10 I 
I • ?[ ^ Y " 20 I 
I 3。 -丨 \ 叫 
40 - I I Y 40 J U H 
50 / 50 I 
60 L Z 60 L iil 
0 20 40 60 80 100 
0 1 1 1 1——1 
Without vegetation 
10 - m 
？ 20 - ]i kd ； 
^ ^ s . • Leachate 
f . 30 - — F e r t i l i z e r 
^ \ Water (control) i 
: : L — 
60 L A 4 — 1 
Figure 4.11 Levels of NHx-N in soil at different depths, after 12-week irrigation with 
water (•), water with fertilizer application (•) and diluted leachate (•). Broken lines 
indicate the initial NHx-N level. Error bars show the standard deviation (only the 
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retains NH4+ better. Studies on different soil types have shown that most of the N H x 
was retained within the upper 50 cm of soil (Cai et al., 1985; Sun, 1987; Ottman and 
Pope, 2000). Since increasing amounts of N H x were found in the soil percolate, the 
vertical variation in the soil N H x would get smaller as the soil capacity was saturated 
by the large influx of N H x from leachate. 
4.3.4 N balance of the soil-plant system 
To rebuild the N capital without causing secondary environmental problems, a 
fundamental understanding of the processes involved in the accumulation of N is 
required. Gain in soil N occurs by symbiotic N fixation and by the addition of N H x 
and NO3- from precipitation; losses take place by biomass removal, leaching and 
volatilization. Labile forms are assimilated and immobilized into organic N by plants 
and microbes. Organic N in debris is subject to mineralization by microbial and 
chemical processes. N H x is oxidized into NO3" in favourable conditions. NO3" is 
ultimately returned to the atmosphere as molecular N2 by biological denitrification, 
thereby completing the cycle. N is accumulated in the ecosystem when the rate of 
gain exceeds the rate of mineralization and loss. 
4.3.4.1 Change in the N capital after leachate irrigation 
The existing soil N capital consisted of the total amounts of N in soil and plant 
biomass measured before leachate application, regardless of their chemical forms. In 
natural ecosystems, the major fraction of the N capital is not available to plant uptake. 
It is gradually released by mineralization of organic matter. The size of the N capital 
affects the amounts of N made available per unit of soil per unit of time and 
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consequently determines the types of ecosystem that can be supported (Ingestad, 1982). 
Keeping the mineralization rate unchanged, a higher N flux density can support more 
plants as well as the growth of some nutrient-demanding plants. Tree seedlings or 
saplings cannot survive and develop to mature trees unless they have a higher relative 
growth rate than older trees and consequently they need a higher N flux density. 
When organic matter is mineralized at the rate of 1 - 10%, a self-sustaining vegetation 
cover in temperate regions requires a minimal soil N reserve/capital of 1000 kg N ha"' 
and a further amount for the capital contained in the vegetation itself to provide an 
annual N influx of 200 kg N ha"\ 
In the present study, the soil N capital of 1250 - 1330 kg N ha"' was marginal 
(Table 4.3). Owing to the low amount of N stored in biomass, the soil N capital was 
susceptible to depletion as trees grew. The amounts of N H x and NOs" were also too 
low to support the immediate nutrient requirement in the growing season. To 
accelerate the establishment of vegetative cover, external supply of mineral N is 
recommended to support the early growth of trees and grass seedlings. 
It was anticipated that application of leachate and fertilizer would increase the 
soil N capital. However, the present study showed that the resulting N capital 
depended on more factors than N H x influx alone. In the columns without vegetation, 
the control and fertilizer treatments exhibited a decrease in the N capital (Table 4.4). 
In the control, leaching led to the decrease of TKN, from 1150 to 550 kg N ha''. 
Leaching loss of NOs" was evident, with the NOx-N reduced by 50% after water 
irrigation for 12 weeks. There was a slight increase in NHx-N, possibly because of 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the mineralization of organic N. Similarly, substantial leaching loss depleted the N 
applied in the fertilizer. 
The NOx-N, NHx-N and the N capital did not differ significantly between 
treatment and the control. Leachate treatment did not lead to a significant increase in 
the N capital, but the components of the N capital changed in response to the large 
influx of NHx. The addition of N H x and nitrification in the soil led to a marked 
elevation in the levels of NHx-N and NOx-N. However, the T K N decreased slightly 
after leachate treatment and this may be attributed to the mineralization and leaching 
loss of organic N. 
With vegetation, leachate irrigation in general led to elevation in the N capital. Both 
the N reserve in the soil and biomass increased after receiving leachate (Table 4.4). 
However, the change in the N capital after fertilizer application varied with the 
vegetation type. Gains in the N capital were observed only in the two grass species. 
The rapid uptake immobilized over 500 kg N ha"' in the aboveground biomass of 
Vetiveria zizanioides and in the underground biomass of Paspalum notatum. 
Moreover, soil planted with grasses had higher T K N content compared with that 
planted with trees. The finer root system and higher transpiration rate of the two 
grasses reduced the leaching loss more effectively. Trees receiving fertilizer showed a 
decrease in the N capital, as the leaching loss was greater than the N accumulation in 
biomass. However, in the leachate treatment, trees performed better than grasses in 
rebuilding the N capital. The gain in N capital by Hibiscus tiliaceus and Litsea 
glutinosa were 1050 and 919 kg N ha"\ respectively, nearly doubled that by the two 
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grasses under leachate irrigation. Trees were benefited by a relatively high influx of N 
from leachate. High growth and uptake increased the N in biomass. The growth of 
grasses was also promoted by leachate, but to a lesser extent. For example, owing to 
the slow growth of Paspalum notatum in the leachate treatment, the change in the 
biomass N in the leachate treatment was much lower that in the fertilizer treatment. 
Moreover, the soil NHx-N and T K N was exceptionally low in the leachate treatment of 
vetiver grass, which may be attributed to the increased NH3 volatilization. The 
massive root system, large surface area of grass leaves and the lower NH3 
compensation point of mesophyll cells facilitate the volatilization of NH3 to air. 
The results suggest the importance of vegetative cover to the development of the 
soil N capital. Leachate and fertilizer led to an immediate increase in the available N in 
soil. However, in the absence of vegetation, the applied N, as well as the existing N in 
the soil, was susceptible to leaching loss. Plant uptake and assimilation incorporated 
the available N into biomass and litter for long-term storage. 
4.3.4.2 Leaching loss 
Leaching loss was the only measurable means of nutrient loss in the current study. 
When compared within vegetation type, leaching loss was greater in the leachate 
treatment because of the high N influx (Table 4.5). Although leachate provided N 
mainly in the form of NHx, NOs", a product from nitrification, was the major form of N 
loss in the leachate treatment. In columns without vegetation, NO3" leaching 
comprised of 78.3% and 94.4% of the N loss in the leachate and fertilizer treatments 















































































































































































































































































































































































































































































































































































































































































































































































































































respectively. Retention by CEC, fixation by clay and nitrification reduced the amount 
of leaching loss in the form of NHx. 
The increased nutrient uptake (up to 1000 kg N ha—】 in biomass) and 
evapotranspiration by the vegetative cover reduced the leaching loss of nitrogen. 
When compared with columns without vegetation, nutrient uptake and 
evapotranspiration of the vegetative cover at least halved the leaching loss of N in the 
leachate treatment, with the exception in columns planted with Paspalum notatum. 
Vetiveria zizanioides reduced the leaching loss in the fertilizer treatment by 97.0%. 
Soil planted with Vetiveria zizanioides only had leaching loss of 96.0 kg N ha"', which 
was the lowest among the four species. 
In ecosystems where N is limiting, there is an intense competition for mineralized 
N, or the intermediates of the mineralization processes. Forest litter and soil typically 
interact with vegetation to form a closed cycle of N. Interactions among soil, plants 
and soil microbes contribute to about 95% of the global flow of N (Stevenson and Cole, 
1999). The rate of N uptake is limited by and approximately balances the annual N 
return to the forest floor (Tamm, 1991). Small amount of soil N H x is left for 
microbial nitrification and leaching loss. High levels of NO3" leaching indicated N 
saturation, a condition where the N availability exceeds the nutritional demands of 
plants and soil microorganisms (Agren and Bosatta, 1988; Aber et al., 1989). 
4.3.4.3 Unaccountable N loss 
Unaccountable N loss ( N u n a c c ) (Table 4.5) refers to the loss of N from the soil-plant 
167 
system which could not be identified and quantified by the present experimental 
design. It is calculated based on the sum of the initial N capital and the external 
r 
input，minus the loss in percolate and the final N reserve in soil and plants. It can be 
attributed to NH3 volatilization, dentrification and the N loss in litter. Discussion 
will focus on the gaseous loss ofNHs, since the N loss in denitrification and litter loss 
were less important compared with NH3 volatilization. 
NHs volatilization 
At one time, it was thought that the presence of NH3 in the atmosphere was of 
little importance, because of its low concentration. However, in the past two decades, 
it has been realized that there was a cycling of significant amounts of N H x through the 
plants, soil and atmosphere. Considerable attention has been given in recent years to 
the loss of NH3 by application of NH4+-containing fertilizers (such as urea, anhydrous 
NH3 and farmyard manure to soils). 
There is limited information about NH3 volatilization from leachate-irrigated lands. 
In the present study, it comprised 19 - 67% of leachate N applied. Over 80% of the N 
was applied in N H x form, which was susceptible to volatilization. The unaccountable 
N loss in the leachate treatment was nearly double that in the fertilizer treatment. 
Ammonium ions (NH4+) in the soil solution form an equilibrium with ammonia 
(NH3). NH3 is subject to gaseous loss to the atmosphere. Volatilization of NH3 
could commence immediately after fertilizer application and proceed at a high rate. 
Depending on soil moisture content, 20 to 50% of injected NH3 can be lost within a few 
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hours (Sommer and Christensen, 1991). Similar results were observed on pasture with 
manure application. NH3 volatilization as high as 12 kg N ha'' h"' was recorded 
immediately after slurry application (Pain et al, 1989). Half of the NH3 loss occurred 
within 4 to 12 h (Pain et al., 1989; Moal et al, 1995). 
The quantity of NH3 volatilization depends on the type and timing of fertilizer 
application, soil type and the environmental conditions at the time of application. Soil 
factors which speed up the volatilization include low cation exchange capacity (CEC), 
high soil pH and low moisture content. NH4+ reacts readily with the cation exchange 
complex in soil and thus reduces the amount of N H x in soil pore water. Elevated soil 
pH increases the dissociation of NH4+ to NH3. The fraction of NH3 in soil solution 
increases by an order of magnitude for every pH unit above 6.0 and thus increases the 
amount of NH3 volatilization from soil (Cai, 1997). Climatic factors include air (soil) 
temperature and wind speed. Higher temperature reduces the solubility of NH3 in 
water and increases the N H S I N H / at a given soil pH. High wind speed promotes the 
rapid transport ofNHs away from the surface (Cai, 1997). Management practices that 
decrease the soil pH, increase C E C (e.g. by adding zeolite), or move the fertilizer 
deeper into the soil profile (e.g. by subsurface irrigation) can reduce NH3 loss. Also, 
NH3 volatilization would be lower when fertilizer is applied in cooler and less windy 
days. 
Vegetative cover plays an important role in regulating the NH3 volatilization. It 
is generally believed that NH3 volatilization is reduced in the presence of growing 
plants. Not only was the soil NH4+ level reduced through plant uptake, but some of 
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the evolved NH3 may be reabsorbed by the plant canopy. In the fertilizer treatment of 
this study, columns with plants had a lower Nunacc than those without vegetation. 
Hibiscus tiliaceus and Litsea glutinosa with leachate application also had a lower Nunacc 
than the leachate treatment without vegetation. Negative Nunacc was observed in the 
vetiver grass and Paspalum notatum treated with fertilizer, which implied a net gain in 
N. The reason for negative Nunacc was unclear, possibly because of the uptake of 
gaseous NH3 emitted from the nearby columns. 
Plants can serve both as a sink and as a source of atmospheric NH3. Whether 
NH3 is emitted or adsorbed by a plant depends upon the NH3 compensation point of the 
plant (i.e., the concentration of atmosphere NH3 concentration at which no net 
exchange of NH3 occurs between the liquid and gaseous phases). Net output of NH3 is 
observed when the atmospheric NH3 concentration is lower than the compensation 
point of the leaf mesophyll cell (Farquhar et al., 1980). The net NH3 exchange is 
likely dependent on several interacting factors like plant type, temperature, 
phenological growth stage and time of a day (Farquhar et al., 1980; Harper et al, 1987; 
Harper and Sharpe, 1995). The amount of NH3 loss, for example in com, can vary 
from 1 - 2 kg N ha"^  (Schjorring, 1995) to 15 kg N ha'^  (Harper et al., 1987). 
It has been suggested that soil N supply affects the NH3 compensation point. 
Harper et al (1987) suggested a direct relationship between plant N status, fertilizer 
application and NH3 loss. In another study oilseed rape exposed to 0.5 mol N showed 
a compensation point about 10 times higher than plants supplied with 0.15 mol N 
(Husted and Schjoerring, 1996). Such results may be explained by the NH4+ uptake 
1 7 0 
via xylem which leads to elevated concentrations in the apoplastic space and therefore 
an increased compensation point. In the present study, plant uptake reduced the 
amount of soil N H x and thus lowered the rate of NH3 volatilization under moderate 
application of N. However, when the influx of N H x was markedly increased in the 
leachate treatment, increase in the compensation point would lead to foliar emission of 
N H x and resulted in a larger Nunacc in the leachate treatments. 
Moreover, when comparing the leachate treatments among different species, the 
Nunacc of trecs was only a half of that of the grasses which can be attributed to their 
different NH3 compensation points. Field studies have shown that herbaceous plants 
have a higher compensation points than trees (GeBler and Rennenberg, 1998). N H x in 
trees was less susceptible to volatilization under a given set of atmospheric conditions. 
When NH3 is evolved from the soil surface, it either redeposits near the source of 
emission or dissolves in moisture and reacts readily with acidic gases, forming aerosols 
of (NH4)2S04 or NH4NO3. NH3 can travel a long distance in the atmosphere. 
Modelling estimates indicate that about 50% of emitted NH3 is redesposited on the 
earth surface within 50 km from the emission source. However, if gaseous NH3 
reaches the mixing layer of the troposphere, the half-life can reach 3 to 6 hours over a 
distance of 65 to 130 km (Perm, 1998). 
Substantial amounts of NHx-N may be deposited in the nearby ecosystem. 
Hutchison and Vitets (1969) demonstrated that a 90000 head cattle feedlot provided N 
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deposition of about 50 kg N ] ha"^  nearly a quarter of the annual N requirement 
(Bradshaw, 1983), within few k m from the feedlot. 
t 
Denitrification 
While the autotrophic nitrifiers use energy by converting NH4+ to a more oxidized 
form, denitrifying bacteria exploit the oxygen in NO3" or NO2" as electron acceptor 
when oxygen supply is scarce. 
NOs" N C V — N O 4 N2O — N2 
nitrate nitrite nitric oxide nitrous oxide nitrogen 
Oxidation state + 5 + 3 +2 +1 0 
Denitrification can also occur as a purely chemical process. Nitrite can react 
with NHx, Fe(II) or amine groups to yield molecular N. Higher fertility forests have a 
high turnover of C and N to microbes, including higher denitrification rates. The N2O 
fluxes in humid tropical forest soils of different fertility were 0.47 - 2.6 kg N ha"' y'' 
(Matson and Vitousek, 1990). 
Nearly all denitrifying bacteria are strict anaerobes. Oxygen acts as an inhibitory 
factor of denitrification by interfering with the synthesis and activity of the enzymes. 
NO3- reduction was undetected when soil electrical potential (Eh) was above 400 m V 
(Asghar and Kanehiro, 1976). Nitric oxide reductase and nitrous oxide reductase are 
more sensitive to oxygen than other enzymes. The critical Eh for the reduction of N2O 
to N2 appears to be 200 - 240 m V (Focht and Verstraete, 1977). Erich et al. (1984), 
showed that exposing soil to air for 24 hours did not influence the formation of N2O, 
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but completely inhibited its reduction to N2 in soil. In the present study, the Eh of soil 
of different depths ranged between +261 and +359 m V . Significant differences 
between vegetation types and treatments were not observed. The good aeration of the 
loamy sand soil was not favourable to denitrification. The amount N loss by 
denitrification was negligible compared with NH3 volatilization and leaching. 
Loss with litter 
A small fraction of Nunacc can be attributed to litter fall to soil, which was not 
collected and measured in this study. During the course of the experiment, plants 
grew rapidly under warm greenhouse condition and adequate water supply. Most of 
the plants did not senescent as the foliage tissue was still young. Only small amount 
of litter were produced. 
Even if organic matter returns to the forest floor, its contribution to the N turnover 
in the experimental period was small. Only a small fraction of the total N in soils, 
generally below 0.1%, exists in plant as available mineral compounds at any one time 
(as NO3- or exchangeable NHx) (Stevenson, 1982). Thus only a few kg N ha"' may be 
immediately available to the plant, even though as much as thousands of kg N ha」may 
be present in litter fall. Moreover, degradation products like amino acids and nucleic 
acids are attractive substrates for microorganisms, which often can be used as a carbon 
or N sources. Most of the N is taken up by the microorganisms themselves. The 
contribution of litter to the N balance was of the least importance. 
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4.4 Conclusions 
This study evaluated the efficiency of the use of leachate N by the soil-plant 
1 
system. The absence of growth inhibition in the recipient plants again proved that 
germination tests using Brassica chinensis and Lolium perenne were sensitive to the 
phytotoxicity of landfill leachate and the EC50s determined can be a safe upper limit of 
the leachate application rate. The growth performance in the leachate and fertilizer 
treatments did not differ significantly in most plant species tested, indicating that both 
the leachate and mineral fertilizer were effective sources of plant nutrients. However, 
suboptimum growth and stress symptoms in Paspalum notatum to leachate exposure 
suggested that leachate application may not be suitable for young grass seedlings when 
the contact between leachate with foliage cannot be avoided. Also germination test 
using the seeds of recipient plants species may better reflect their responses in field 
conditions. 
However, it seems that the application rate was too high at the early stage of 
vegetation establishment. The plant uptake could not keep pace with the excessive 
supply of N from leachate. Saturation of N H x in soil, together with the subsequent 
nitrification, led to massive N loss in the form of NO3" leaching. With consideration 
to the actual nutrient requirement of plants, there was an opportunity for reducing the 
application rate to alleviate leaching loss. 
Vegetation played an important role in the development of N capital. Soil with 
vegetative cover in general had lower leaching loss and higher accumulation in soil N 
capital. Evapotranspiration and plant uptake reduced the soil moisture content and 
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percolate volume. Moreover, higher tissue N content and better vegetative growth 
could incorporate the applied N to the biomass, resulting in an increase in the N capital 
f 
of the soil-plant system. 
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Chapter 5 General conclusion 
Irrigation with landfill leachate provides a means of wastewater disposal as well 
as nutrient reuse. Leachate contains considerable amounts of N H x and other nutrients 
which can be assimilated for plant growth. This project aimed at evaluating the 
feasibility of using landfill leachate as an alternative N source to fertilizer, and making 
use of phytotoxicity data in designing leachate irrigation plans to protect the plants 
from growth retardation or death. 
5.1 Summary of findings 
Leachate samples from 5 local landfills of different ages were assayed for their 
chemical properties and phytotoxicity (Chapter 2). Both were characterized by high 
levels of salts, N H x and high TOC, but low levels of heavy metals. This provided an 
opportunity of using landfill leachate for irrigation purposes. 
Seed germination/root elongation tests using the seeds of Brassica chinensis and 
Lolium perenne were conducted to evaluate the phytotoxicity of leachates. The seeds 
showed a dichotomous response to some leachate samples. Besides the effects of the 
nutritive constituents, the concept of hormesis was introduced to explain the growth 
stimulation at low dose (concentration). The EC50 ranged between 4 - 30% v/v and in 
general decreased with the strength of leachate samples. 
The second experiment (Chapter 3) aimed at incorporating the phytotoxicity 
information from germination tests into a leachate irrigation trial. Seedlings of 12 tree 
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species were tested under irrigation of leachates at their respective EC50 levels. No 
tree mortality or growth inhibition was observed in 90 days of leachate application. 
Chlorophyll fluorescence measurements also showed that plants receiving leachate did 
not suffer from a reduction in the photosynthetic efficiency. Leachate enhanced the 
growth of tree seedlings. Litsea glutinosa and Hibiscus tiliaceus had remarkable 
growth, and the other non N-fixers were not inferior to the N-fixing Acacia 
auriculiformis. The extent of growth stimulation induced by two leachates did not 
differ significantly in most of the species, indicating that with proper dilution, both the 
leachates from young and old landfills were suitable for irrigation purposes. The seed 
germination tests provided a conservative estimate of the phytotoxicity of landfill 
leachate. Irrigated plants can be protected from growth inhibition when leachate 
irrigation plans are designed with reference to phytotoxicity data. 
Application of leachate improved the soil N content, though phosphorus 
deficiency is a problem. Nitrification of N H x in leachate resulted in a marked increase 
in the soil NO3" content. Although soil salinity also increased considerably after 
leachate irrigation, the resulting soil EC was far below the threshold of saline soil. It 
should be noted that the potential hazard of salts may be exacerbated when salts are left 
behind by evapotranspiration. In addition to the dilution level, adequate water should 
be applied to elute the salts from the rooting zone. 
The irrigation experiment has shown that phytotoxicity tests using germinating 
seeds provided a safe upper limit of the application rate. However, whether the 
application rate is optimal for revegetation purposes depends on the ability of 
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vegetation to take up and utilize the applied nutrients for growth. Understanding the 
fate and behaviour of applied N can help to improve leachate irrigation practice and to 
mitigate the environmental impacts of excess N application. The final experiment 
(Chapter 4) adopted a mass balance approach to investigate the distribution of leachate 
N in plants, soil and soil percolate. The soil-plant system that received leachate at the 
EC50 level was compared to treatment with mineral fertilizer (Nitrophoska 15:15: 15). 
In addition to the 2 tree species selected based on the results of the previous study 
(Chapter 3), 2 grasses were included for comparison. Their growth performance again 
confirmed that leachate applied at the EC50 level could ensure that the plants would not 
show growth inhibition. Plant growth in the leachate and fertilizer treatments did not 
differ significantly; three species out of the 4 were benefited by leachate application. 
The results of the N balance study also suggested the role of plants in retaining 
nutrients. In treatment groups without vegetative cover, a substantial amount of N was 
lost in soil percolate; 90% of N applied was lost in leaching. Plant limited the amounts 
of ions in soil pore water and their movement by evapotranspiration and uptake. In 
some cases, vegetative cover reduced the leaching loss by 50%. 
In the absence of plants, the soil N capital did not increase after leachate 
application. Even though the soil contents of N H x and NO3' increased substantially, N 
added with leachate was too low to compensate for the leaching loss. In contrast, with 
vegetative cover, a 12-week treatment with leachate brought about 250 - 1050 kg N ha'' 
accumulated in biomass and soil. Vetiveria zizanioides exhibited a good performance 
in limiting the volume of soil percolate as well as the N loss with it. Vetiver grass can 
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be planted to control the hydraulic loading of landfill soil cover and prevent percolate 
from moving out of leachate-irrigated sites. However, the gain in N capital was not 
found in the treatment groups of vetiver grass, possibly because of enhanced N loss via 
NH3 volatilization. 
Both the leachate irrigation experiment (Chapter 3) and N balance study 
(Chapter 4) showed that substantial amounts of NO3' were liberated in the nitrification 
of the N H x in leachate. The high leaching loss in the N balance study suggested that 
the application rates being tested exceeded the nutrient (especially N) needs of plants. 
Leaching of excess N not only causes water pollution, but may also interfere with the 
natural succession process. 
5.2 Ecological consequence of increased and excess N deposition 
Figure 5.1 illustrates the changes of plants and soil conditions to chronically 
elevated N deposition. Terrestrial ecosystems are often N-limited, either because of 
low total reserve or because of low availability (Stage 0). Forest litter and soil typically 
interact with vegetation to form a closed cycle of N in which the annual rate of N 
uptake per unit area is limited by and approximately balances the annual N return to the 
forest floor (Tamm，1991). About 95% of the N that cycles annually within the 
pedosphere interacts solely within the soil, plant and soil microbes (Stevenson and Cole, 
1999). This closed cycle differs from the open cycle of wetlands and fertilized 
croplands where primary production is mainly supported by external N supply. 
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The addition of N, either by fertilizer application or increased atmospheric 
deposition, is then likely to increase the growth of some organisms (Stage I). The first 
consequence of elevated N supply to an N-limited forest will most probably be 
increased vegetative growth and the accumulation of N in both biomass and soil. 
Luxury consumption occurs when N is taken up in excess of the plant's physiological 
demands (Dueck and Van der Eerden, 2000). As demonstrated in the previous 
experiment (Chapter 4), foliar biomass and N content increased with N supply. Even 
with an unchanged C:N ratio, a larger amount of litter would mean greater N turnover 
in a given time. 
Increased N deposition in forests has the potential to shift the closed N cycle to a 
relatively open status by increasing the importance of N inputs and outputs relative 
to the rate of internal cycle (Tamm, 1991). However, the increase in vegetative 
growth may soon be suppressed by increased shading from a denser canopy. Fast-
growing N-demanding species may have a competitive advantage over the N-tolerant 
ones. Legumes and other symbiotic N-fixers would stop fixation and thereby lose their 
competitive advantage. Leachate application may result in similar consequences as 
different growth stimulation and inhibition to nodule formation in the N-fixing species 
were observed in the previous experiment (Chapter 3). 
Therefore, an increased N deposition means a change in the competitive 
advantages among species. The vegetative component is expected to change to less 
symbiotic N-fixers, less N-tolerant species and more N-demanding plants. Similarly, 
the community composition of ‘non-tree, ecosystems such as grasslands are expected to 
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Figure 5.1 Conceptual model showing forest responses to chronically elevated N 
deposition. Stage 0 represents the pristine condition. Stage I follows the onset of 
elevated N deposition. When N is still limiting, addition of N leads to elevated net 
primary production. Increases in the biomass and tissue N contents leads to higher N 
turnover rate. NOs" loss above the baseline level may occur. If forests proceed to Stage 
II, increase in NOs" loss and biomass are more evident. Further increase in N 
deposition may result in forest decline (Stage III). Tree mortality and reduction in 
productivity occur. The variations of lines along the y-axis indicate the qualitative 
change of the individual processes or properties, which are not drawn to scale (adapted 
from Aber et a/.,1989, 1998; Nadelhoffer, 2000). 
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change considerably with increasing N level. Those plants with large height increments 
will be more competitive. A few tall grasses together with some tall shrubs are 
expected to become dominant and allow few other species to coexist. 
N saturation (Stage III) occurs when the primary production is not increase 
further by increased N supply. Nitrification of the surplus N and subsequent leaching 
may lead to soil acidification. The loss of N may exceed the input over a rather long 
period of time. Moreover, excessive foliar-N may disturb the nutrient balance and 
increase the sensitivity to frost, drought, pests and pathogens (Van Dijk and Roelefs, 
1988; Dueck et al., 1991). Generally young, rapid-growing and well-nourished plants 
are more likely to suffer from attack by pests. A high content of amino acids in the 
plants may result in a more severe attack by sucking parasites (Marschner, 1995). 
Change in the vulnerability of plants, together with the soil acidification, may finally 
lead to the decline of forest. 
5.3 Research prospects 
The present study suggested the beneficial effect of landfill leachate for 
irrigation purposes when it is properly diluted in light of phytotoxicity information. 
However, uncertainty of the ecological consequences of leachate irrigation still exists. 
In future, a pilot-scale field study should be undertaken to investigate the long term 
effects of leachate irrigation on plants and soil. 
Research using farm yard manure and mineral fertilizers has shown that the 
addition of N in different amounts led to entirely different results. The increased N 
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supply from leachate may lead to similar consequences. In addition, relatively high 
salt content in leachate may affect the natural succession process on leachate-irrigated 
sites. It is anticipated that N-demanding species with higher salt tolerance may have 
competitive advantage. Therefore, besides the growth performance of the recipient 
plants, changes in the community composition, including the effects on soil fauna, can 
be addressed in further studies. 
Nitrification activity in soil was enhanced after land application of leachate. 
Other microbial processes which may be critical to nutrient cycling in soil may also be 
affected. Leachate application may affect mineralization in two ways. C and N sources 
in leachate may enhance the growth of the microbial community in soil, while soil 
acidification and the potent constituents in leachate may inhibit their activity. Reduced 
C:N ratio in litter may be less favorable to mineralization. Moreover, it is anticipated 
that under ample supply of N, the importance of N fixation to the ecosystem will 
decrease, including (but not limited to) symbiotic N fixation and that accomplished by 
cyanobacteria. The rates of nitrification and denitrification in soil will increase in 
response to elevated N turnover. A better understanding about the changes in these 
processes will help to improve the management practices on leachate-irrigated areas. 
Research on N-enriched croplands and forests was demonstrated the importance 
of NH3 volatilization to the N budget. NH3 volatilization would inevitably have a great 
influence on the N balance of leachate-irrigated lands and the surrounding areas, since 
the N is supplied mainly in the form of NHx. However, there is little information about 
the N loss from leachate-irrigated soils. Micrometeorological methods have been 
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recommended for the estimation of the N H x loss from croplands, over a relatively large 
area with radius of 100 meters. Two techniques, gradient diffusion and mass balance 
methods (Denmead, 1983), have been used for assessing NH3 volatilization without 
disturbing the environmental conditions. To further improve the accuracy of 
measurements, spiking the leachate with ^^ N-labelled (^^NH4)2S04 to trace the late of 
the applied NH4+ in field situation, including NHs-volatilization should be considered. 
Estimating NH3 loss can provide information for calibrating the N application rate by 
making allowance for N loss in NH3 volatilization. 
Landfill leachate irrigation does have its drawbacks and problems, yet it 
represents unique opportunities. Leachate contains considerable amounts of N H x and 
other constituents that can serve as an alternative source of plant nutrients. However, 
the methods of application should be carefully designed, with the aid of phytotoxicity 
tests to evaluate the toxicity of different leachates. Also the assimilation capacity of 
soil-plant systems and the N requirement in different stages of succession should also 
be considered so as to meet the N demand for plant growth and protect ecosystems 
from N saturation. 
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